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Abstract 


The  Stat6  (signal  transducer  activator  of  transcription)  gene  is  essential  for  the  production  of  IL-4  an  l 
IL-13,  two  cytokines  that  govern  the  activation  of  CD4+  T  helper  type  2  (Th2)  cells.  We  hypothesized  that  mice 
with  a  deleted  Stat6  gene  (Stat6'A)  would  have  enhanced  tumor  immunity  because  they  would  preferentially  make 
tumor-reactive  Thl  cells,  which  are  thought  to  facilitate  the  activation  of  CD8+  cytotoxic  T  cells  (Tc),  thereby  , 
improving  tumor-specific  immune  responses.  Our  preliminary  results  demonstrate  that  tumor  immunity  to  a 
metastatic  mammaiy  carcinoma  is  enhanced  in  the  absence  of  the  Stat6  gene.  Although  additional  experiments 
demonstrated  that  tumor  rejection  in  Stat6‘A  mice  is  immunologically  mediated  by  CD8+  T  lymphocytes,  this  effec 
is  not  due  to  an  improved  Thl  response.  Therefore,  elimination  of  the  Stat6  gene  is  a  potent  strategy  for  enhancin ; 
rejection  of  mammary  cancer  cells;  however,  the  mechanistic  explanation  for  the  improved  tumor  immunity  is  no : 
clear.  The  purpose  of  this  project  is  to  determine  the  potency  of  the  Stat6  effect  for  enhancing  immunity  to 
metastatic  mammaiy  carcinoma,  and  to  identify  the  mechanism  underlying  the  improved  immunity.  These 
experiments  will  not  only  provide  insight  into  regulation  of  anti-tumor  immunity,  but  may  also  suggest  novel 
approaches  for  enhancing  anti-tumor  immune  responses. 
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INTRODUCTION 


The  Stat6  (signal  transducer  activator  of  transcription  6)  gene  is  essential  for  the  production  of  IL-4  and  IL- 
13,  two  cytokines  that  govern  the  activation  of  CD4"  T  helper  type  2  (Th2)  cells.  We  hypothesized  that  mice  with  a 
deleted  Stat6  gene  (Stat6'A  mice)  would  have  enhanced  tumor  immunity  because  they  would  preferentially  make 
tumor -reactive  Th  1  cells,  which  are  thought  to  facilitate  the  activation  of  CD8' cytotoxic  T  cells  (Tc),  thereby 
improving  tumor-specific  immune  responses.  Our  preliminary  results  demonstrate  that  tumor  immunity  to  a 
metastatic  mammary  carcinoma  is  enhanced  in  the  absence  of  the  Stat6  gene.  Although  additional  experiments 
demonstrated  that  tumor  rejection  in  Stat6'/_  mice  is  immunologically  mediated  by  CD8+  T  lymphocytes,  this  effect  is 
not  due  to  an  improved  Thl  response.  Therefore,  elimination  of  the  Stat6  gene  is  a  potent  strategy  for  enhancing 
rejection  of  mammary  cancer  cells;  however,  the  mechanistic  explanation  for  the  improved  tumor  immunity  is  not 
clear.  The  purpose  of  this  project  is  to  determine  the  potency  of  the  Stat6  effect  for  enhancing  immunity  to  metastatic 
mammary  carcinoma,  and  to  identify  the  mechanism  underlying  the  improved  immunity.  These  experiments  will  not 
only  provide  insight  into  regulation  of  anti-tumor  immunity,  but  may  also  suggest  novel  approaches  for  enhancing 
anti-tumor  immune  responses. 

BODY 


During  the  final  year  of  this  grant  we  have  made  the  following  progress: 

Objective  #3.  Determine  if  the  ST  A  T6~/'  effect  is  the  result  of  a  Type  1  vs.  Type  2  response.  (As  noted  in 
the  2004  report,  we  have  extended  these  studies  to  include  type  1  and  type  2  macrophages). 

Obective  #5:  Determine  which  cells  must  be  STAT6  for  enhanced  anti-tumor  immunity. 


During  the  past  year,  these  two  objectives  have  merged.  While  trying  to  decipher  which  cells  must 
be  deleted  for  STAT6,  we  observed  that  another  knockout  strain  of  mice,  CD  Id  knockouts,  are  also  highly 
resistant  to  4T1  metastatic  disease.  This  observation  led  us  to  examine  if  immunity  in  CDT7'  mice  is 
regulated  by  the  same  mechanisms  that  regulate  immunity  in  STAT6 ''  mice.  These  studies  led  us  to  better 
understand  resistance  in  STAT6'  mice  and  to  demonstrate  that 
immunity  to  metastatic  mammary  carcinoma  requires  three  cellular  / 
events:  1)  Down-regulation/elimination  of  myeloid-derived  suppressor 
cells  (MSC);  2)  Induction  of  cytotoxic  Ml  macrophages;  and  3) 

Induction  of  tumor-specific  CD8+  T  cells.  The  following  sections 
summarizes  these  studies: 


CDl-deficient  Mice  Survive  Indefinitely  After  Surgical 
Removal  of  Primary  4T1  Mammary  Carcinoma.  CDl-deficient  and 
control  syngeneic  CD1  -competent  B ALB/c  mice  were  injected  s.c.  in 
their  abdominal  mammary  gland  with  7000  4T1  cells,  primary  tumors 
were  either  left  in  place  (non-surgery  group)  or  surgically  removed  2-3 
weeks  later  (post-surgery  group),  and  mice  were  followed  for  survival. 
As  shown  in  figure  1A,  100%  of  post-surgery  CD1  A  mice  survived 
>180  days,  whereas  89%  of  the  BALB/c  mice  died  with  a  mean  survival 
time  (MST)  of  53.4  days.  To  determine  if  the  differential  in  survival 
time  between  CDl-deficient  and  BALB/c  mice  was  due  to  differences 


Figure  1.  CDL'‘  mice  are  resistant  to 
disseminated  metastatic  disease.  CD1 ' 
and  BALB/c  mice  were  inoculated  in  the 
mammary  gland  on  day  0  with  7000  4T1 
tumor  cells,  and  primary  tumors  left  in 
place  (non-surgery  group)  or  removed  2- 
3  weeks  later  (post-surgery  group).  (A) 
Post-surgery  mice  were  followed  for 
survival.  Numbers  indicate  the  number 


in  metastatic  disease  burden,  the  lungs  of  non-surgery  and  post-surgery 
CDl-deficient  and  BALB/c  mice  were  removed  30-39  days  after  4T1 
challenge  (9-1 1  days  after  surgery  for  the  surgery  groups),  and  tested 
for  metastatic  tumor  cells.  Non-surgery  and  post-surgery  CDl-deficient 
and  BALB/c  mice  have  very  similar  levels  of  metastatic  cells  in  their 
lungs  (figure  IB).  Therefore,  despite  the  presence  of  high  levels  of 
metastatic  tumor,  CD!  7’  mice  whose  primary  tumors  are  removed 


of  mice  surviving  >  1  80  days  /total  mice. 
Data  are  from  one  of  two  independent 
experiments.  (B)  Lungs  were  harvested 
and  the  number  of  metastatic  cells 
quantified  by  the  clonogenic  assay. 

Each  symbol  represents  an  individual 
mouse.  Data  are  pooled  from  two 
independent  experiments. 
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survive,  while  B ALB/c  mice  die.  To  determine  if  CDT  mice  survive  because  they  eliminate  metastatic 
cells,  lung  metastases  were  quantified  by  the  clonogenic  assay  in  long-term  (4-10  month)  CD 1"A  survivors. 
These  mice  had  no  detectable  4T1  cells  and  splenic  MSC  levels  were  in  the  normal  range  (<8%),  indicating 
that  post-surgery  CD  1A  mice  are  resistant  because  they  reject  4T1  tumor  cells  (data  not  shown). 


Myeloid  Suppressor  Cell  Levels  Return  to  Normal  in  CDl-deficient  Mice  After  Removal  of 
Primary  Tumor.  Our  previous  studies  demonstrated  that  regression  of  4T1  metastatic  disease  in  STAT6  A 
mice  was  associated  with  a  reduction/elimination  of  MSC  after  removal  of  the  primary  mammary  tumor.  In 
contrast,  MSC  levels  remained  elevated  after  surgery  in  tumor-susceptible  B ALB/c  mice  (1).  To  determine 
if  the  resistance  of  CDl-deficient  mice  is  related  to  MSC  activity,  MSC  levels  were  measured  in  tumor¬ 
bearing  CDl-deficient  and  CDl-competent  mice.  CD1'A  and  wild  type  BALB/c  mice  were  inoculated  with 
4T1  tumor  cells,  and  splenocytes  were  harvested  30-39  days  later  and  analyzed  for  CD1  lb+  Grl+  cells  by 
flow  cytometry.  Tumor- free  BALB/c  and  CD  l  7  mice  have  <8%  splenic  MSC,  while  tumor-bearing  (non¬ 
surgery)  mice  have  elevated  levels  of  MSC  (figure  2  A).  Therefore,  non-surgery  CDl-deficient  and  CDl- 
competent  mice  both  have  elevated  levels  of  MSC  relative  to  tumor- free  mice. 

To  determine  if  surgical  removal  of  primaiy  tumor  differentially  affects  MSC  levels,  BALB/c  and 
CDl-deficient  mice  were  inoculated  with  4T1  tumor,  primary  tumors 
were  removed  21-28  days  later,  and  splenocytes  were  analyzed  9-1 1 
days  later  (day  30-39  after  initial  tumor  inoculation).  After  surgery, 

MSC  levels  in  90%  of  post-surgery  CD  l'A  mice  are  within  the  normal 
range  (<  8%),  while  only  21%  of  post-surgery  BALB/c  mice  have  <  8% 

MSC  (figure  2A).  Therefore,  while  MSC  levels  are  high  in  the  spleens 
of  both  BALB/c  and  CD  l'A  mice  when  primary  tumor  is  present,  MSC 


levels  drop  to  the  normal  level  in  most  post-surgery  CD  l  'A  mice. 

The  accumuation  of  MSC  is  most  likely  driven  by  factors 
secreted  by  tumor  cells  (2).  Therefore,  the  dramatic  decrease  in  post- 
surgery  CDl-deficient  mice  maybe  because  they  have  less  metastatic 
disease  than  wild  type  BALB/c  mice.  To  test  this  hypothesis,  the 
numbers  of  metastatic  cells  in  the  lungs  of  the  post-surgery  mice  of 
figure  1A  were  graphed  with  the  percent  of  splenic  MSC  from  the 
corresponding  mice  (figure  2B).  Both  wild  type  BALB/c  and  CDl- 
deficient  mice  have  extensive  metastatic  disease,  and  there  is  no 
correlation  between  percentage  of  MSC  and  the  number  of  metastatic 
cells.  Therefore,  the  decrease  in  MSC  in  CDl-deficient  mice  after 
surgery  is  independent  of  metastatic  tumor  burden. 

Although  MSC  levels  are  driven  by  tumor-secreted  factors, 
lymphocytes  may  also  play  a  role.  To  determine  if  the  decrease  in  MSC 
is  lymphocyte-dependent,  splenic  MSC  levels  were  determined  for 
BALB/c  RAG  A  mice  inoculated  with  4T1  according  to  the  schedule  for 
BALB/c  and  CD1'A  mice  in  figure  2 A.  The  baseline  level  of 
Grl+CD1  lb+  splenocytes  in  tumor-free  RAG  A  mice  is  <8%,  while  non¬ 
surgery  RAG  A  mice  have  significantly  (p  <0.01)  more  MSC  than 
BALB/c  or  CD1'A  mice  (figure  2).  After  surgery,  MSC  in  RAG’  ’  mice 
remain  significantly  higher  than  in  BALB/c  or  CDTA  mice  (p<0.01). 

To  determine  if  CD4"  and/or  CD8+  T  cells  are  also  involved  in 
immune  surveillance,  post-surgery  CD1'A  mice  were  in  vivo  depleted  for 
CD4+  or  CD8+  T  cells  or  treated  with  irrelevant  antibodies.  Both  CD4+ 
and  CD8+  T  cells  are  required  for  tumor  resistance  since  1 00%  of  CD4- 
depleted  (3/3)  and  80%  of  CD8-depleted  (4/5)  post-surgery  CDTA  mice, 
but  none  of  the  irrelevant  antibody  treateded  mice  (3/3),  die.  Therefore, 
lymphoid  cells  are  essential  for  tumor  rejection  and  may  act  by  reducing 
the  amounts  of  MSC  in  post-surgery  BALB/c  mice. 
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Figure  2.  Splenic  MSC  levels  return  to 
baseline  after  removal  of  primary  tumor 
from  CDl  '  mice.  BALB/c  or  CD  V1'  (A 
and  B)  or  RAG  ,‘  (C)  mice  were 
inoculated  on  day  0  with  4T1  tumor 
cells  and  primary  tumors  left  in  place 
(non-surgery  groups)  or  removed  on 
day  -28  (post-surgery  groups).  Tumor- 
free  groups  were  not  given  4T 1 .  On 
day  -38  lungs  and  spleens  were 
harvested,  splenocytes  were  labeled 
with  Grl-PE  and  CD1  lb-FITC  to 
determine  percent  MSC  (A  and  C  ), 
and  the  number  of  metastatic  cells  in 
the  lungs  quantified  by  the  clonogenic 
assay  (B).  Each  symbol  represents  an 
individual  mouse.  Numbers  in  (  ) 
indicate  the  number  of  mice  per  group. 
Dotted  lines  indicate  the  maximum 
amount  of  MSC  in  tumor-free  mice 
(<8%).  Data  are  pooled  from  two 
independent  experiments.  *  and  ** 
indicates  statistically  significantly 
different  values  (p<0.05) 
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MSC  Inhibit  T  Cells  by  an  Arginase-dependent  Mechanism. 

CDLA  mice  may  have  greater  tumor  immunity  because  their  MSC  are  less 
suppressive  than  MSC  of  BALB/c  mice.  To  test  this  possibility, 
splenocytes  from  non-surgery  BALB/c  and  CD1'A  mice  were  MACS 
purified  for  Grl .  The  resulting  MSC  were  then  co-cultured  with  antigen- 
specific  CD4+  or  CD8+  syngeneic  T  cells  or  CD4+  allogeneic  T  cells  plus  the 
appropriate  peptide  ( H-2d  DO  1 1.10  with  OVA-peptide,  H-2d  clone  4  with 
HA-peptide,  or  H-2k  3A9  with  HEL,  respectively),  and  T  cell  activation 
measured  by  3H-thymidine  uptake  (Figure  3A).  On  a  per  cell  basis, 
purified  BALB/c  and  CD1"A  MSC  were  equally  capable  of  suppressing 
syngeneic  CD4+  or  CD8+,  or  allogeneic  CD4+  T  cells. 

MSC  are  thought  to  mediate  their  effects  via  the  production  of 
arginase  and/or  inducible  nitric  oxide  synthase  (iNOS)  (3).  To  ascertain  if 
CD1'A  MSC  mediate  suppression  by  either  of  these  molecules,  DO  1 1.10 
transgenic  T  cells  were  co-cultured  with  CD1'A  MSC  in  the  presence  of 
OVA-peptide  and  the  arginase  inhibitor  nor-NOHA,  or  the  iNOS  inhibitor 
L-NMMA,  and  T  cell  proliferation  measured  by  3H-thymidine  uptake.  The 
arginase  inhibitors,  but  not  the  iNOS  inhibitor,  reverses  the  suppression 
(figure  3B).  Therefore,  CD1'A  MSC  inhibit  T  cell  activation  via  arginase 
production. 

To  determine  if  suppression  requires 
direct  contact  between  the  MSC  and  T  cells, 

CD1'A  MSC  were  suspended  in  transwell 
chambers  in  wells  containing  OVA-peptide- 
pulsed  DOl  1.10  T  cells  (figure  3C). 

Proliferation  of  DOl  1.10  cells  was  not 
inhibited  when  the  MSC  were  separated  from 
the  T  cells  by  a  semi-permeable  membrane. 

Therefore,  suppression  requires  direct  contact 
between  the  MSC  and  the  affected  T  cells. 

MSC  Down-regulate  T  Cell 
Receptor-associated  Zeta  Chain  in  CD4+, 
but  not  CD8+  T  Cells.  Ochoa  and  colleagues 
have  demonstrated  that  T  cell  dysfunction 
caused  by  macrophages  or  bacteria  is  associated  with  the  down-regulation  of 
the  TCR-associated  CD3C  chain  (4,  5).  To  determine  if  MSC  induce 
suppression  by  this  mechanism,  OVA  peptide-pulsed  CD4+  DOl  1.10  T  cells 
were  co-cultured  with  MSC  from  BALB/c  or  CDl'Amice.  Following  three 
days  of  incubation,  the  cultures  were  harvested,  and  the  cells  triple  labeled 
for  CD3C,  CD4,  and  the  DOl  1.10  clonotype  (KJ1-26).  The  cells  were 
analyzed  by  flow  cytometry  by  gating  on  the  DOl  1.1 0+  CD4+  double  positive 
population  and  assessing  CD3(  expression.  Fifty-three  percent  of  DOl  1 . 10 
transgenic  T  cells  co-cultured  with  OVA  peptide  have  elevated  levels  of 
CD3C  chain  (figure  4,  top  two  panels).  If  BALB/c  or  CD1  A  MSC  are  added 
to  the  cultures,  then  only  17%  and  15%  of  the  T  cells,  respectively,  have 
elevated  CD3(  expression.  Therefore,  BALB/c  and  CD1'A  MSC  reduce  CD3C 
chain  expression  which  probably  inhibits  T  cell  activation  by  inhibiting  signal  transduction. 

To  determine  if  MSC  also  suppress  the  activation  of  CD8+  T  cells  via  the  down-regulation  of  CD3C, 
CD8 '  clone  4  T  cells  were  cultured  as  per  the  CD4+  DOl  1 . 10  T  cells  but  with  HA  peptide.  The  resulting 
cells  were  gated  on  the  CD8+  Vp8+  double  positive  population  and  analyzed  for  CD3£  expression  (figure  4, 
bottom  two  panels).  Similar  to  the  CD4+  T  cells,  more  than  half  of  the  activated  CD8+  T  cells  had  elevated 
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Figure  4.  MSC  down-regulate 
CD3C  chain  in  CD4',  but  not 
CD8\T  cells.  CD4' DOl  1.10  or 
CD8f  clone  4  transgenic 
splenocytes  were  stimulated  with 
OVA  or  HA  peptide,  respectively, 
in  the  presence  of  non-surgery 
BALB/c  or  CD  l'"  MSC.  Cultures 
were  harvested  and  cells  stained 
with  CD3C-FITC,  KJ1 -26-tricolor, 
and  CD4-PE  or  CD3£-FITC,  VP8- 
PE,  and  CD8-tricolor.  CD3£ 
expression  was  determined  by 
gating  on  double  positive  cells. 
Dotted  lines  are  unstimulated  T 
cells  (no  peptide);  solid  lines  are 
stimulated  T  cells  (with  peptide); 
filled  histograms  are  stimulated  T 

cells  with  MSC. 
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Figure  3.  MSC  inhibit  T  cell 
activation  by  an  arginase-dependent 
mechanism.  (A)  Syngeneic 
DO  1 1 .1  0  or  clone  4  or  allogeneic 
3A9  transgenic  splenocytes  were 
stimulated  with  OVA_,,,.,J9,  HAS18.S26, 
or  HEL  protein,  respectively,  in  the 
presence  of  non-surgery  BALB/c 
(open  bars)  or  CD  1''  (filled  bars) 
MSC.  (B)  The  experiment  of  part  A 
was  repeated  with  or  without  the 
inhibitors  for  iNOS  (L-NMMA)  or 
arginase  (nor-NOHA).  MSC  from 
2-3  mice  were  pooled  for  each 
group.  Control  J774  cells  gave  no 
suppression  (not  shown).  (C) 

DOl  1.10  T  cells  were  stimulated 
with  OVA,,,.,,,  peptide  and  co- 
cultured  in  the  same  well  with  CD1'/' 
MSC,  or  the  MSC  were  contained  in 
a  transwell  chamber  suspended  in 
the  well  containing  the  T  cells. 
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Figure  5.  ROS  production 
by  BALB/c,  but  not  CD  1 A 
MSC  is  arginase-dependent. 
Purified  BALB/c  (A)  and 
CD  Vh  (B)  MSC  from  tumor- 
free  and  non-surgery  mice 
were  unstained,  or  incubated 
with  DCFDA  in  the  presence 
or  absence  of  the  arginase 
inhibitor,  nor-NOHA. 


levels  of  CD3(.  However,  in  contrast  to  the  CD4+  T  cells,  CD3(  levels  did  not 
decrease  following  co-culture  with  either  BALB/c  or  CD1'A  MSC.  Therefore, 
BALB/c  and  CD1  MSC  suppress  CD4+  T  cells  by  down-regulating  CD3(  chain, 
but  suppress  CD8+  T  cells  via  a  different  mechanism. 

BALB/c  and  CD1'7'  MSC  Produce  Reactive  Oxygen  Species  (ROS). 

Gabrilovich  and  colleagues  have  shown  that  production  of  ROS  is  a  characteristic 
of  MSC  (6)  and  we  have  previously  noted  that  ROS  production  characterizes 
different  populations  of  MSC  (1).  To  determine  if  ROS  are  differentially 
expressed  in  BALB/c  vs.  CDF'  MSC,  splenic  MSC  were  MACS  purified  from 
tumor-free  and  non-surgery  mice  and  analyzed  by  flow  cytometry  for  ROS. 
Staining  with  DHE,  which  measures  superoxide,  was  negative  (data  not  shown). 
Staining  with  DCFDA,  which  measures  hydrogen  peroxide,  hydroxyl  radical, 
peroxynitrile,  and  superoxide,  demonstrates  that  Grl+CD1  lb+  splenic  cells  from 
non-surgery  BALB/c  (figure  5A)  and  CD1_/'  (figure  5B)  mice  contain  more  ROS 
than  MSC  from  the  corresponding  tumor-free  mice.  To  assess  if  arginase  is 
involved  in  ROS  production,  the 

A 


arginase  inhibitor  nor-NOHA  was 
added  to  the  purified  GrLCDl  lb+ 
cells  prior  to  their  staining  with 
DCFDA.  Although  nor-NOHA  has 
no  effect  on  ROS  expression  in  CD1_/  MSC,  it  inhibits  ROS 
expression  in  BALB/c  MSC.  Therefore,  MSC  from  both 
BALB/c  and  CDLA  mice  contain  ROS;  however,  ROS 
expression  in  the  CD1'A  MSC  is  arginase-independent,  while  in 
BALB/c  MSC  it  is  arginase-dependent. 
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CDl'7  Mice  Have  Tumoricidal  Ml  Macrophages. 

iNOS-producing  Ml  macrophages  are  associated  with 
heightened  anti-tumor  immunity  and  inhibition  of  tumor 
progression  (7-9).  IL-4  and  IL-13  are  known  to  polarize 
macrophages  away  from  an  Ml  phenotype  and  towards  an  M2 
phenotype  (8,  9).  Since  CDl7'  mice  lack  NKT  cells,  which  are 
a  major  source  of  IL-13  (10-13),  they  may  preferentially 
generate  Ml  macrophages,  which  may  contribute  to  tumor 
resistance.  Since  resistance  to  metastatic  disease  in  STAT6A 
mice  is  dependent  on  the  presence  of  Ml  macrophages,  we 
were  particularly  interested  in  determining  if  they  were  also 
required  for  resistance  of  CD  1 -deficient  mice.  To  test  this 
hypothesis,  peritoneal  macrophages  from  BALB/c  and  CDl'/_ 
mice  were  activated  in  vitro  with  LPS  and  IFNy  and  assayed 
for  iNOS  production.  LPS  and  IFNy  activated  macrophages 
from  STAT6';'  and  IL-4RofA  mice  were  used  as  controls.  The 
IL-4Ra  is  a  common  chain  that  is  shared  between  the  receptors 
for  IL-4  and  IL-13  and  hence  is  required  for  transmitting 
signals  for  both  of  these  cytokines  (14,  15).  Therefore,  STAT6' 
A  and  IL-4Ra  macrophages  should  make  iNOS  regardless  of 
the  presence  or  absence  of  IL-4  and/or  IL-13  (16). 

Macrophages  from  all  four  strains  that  are  activated  in  vitro 
with  LPS  and  IFNy  in  the  absence  of  IL-4  or  IL-13,  produce 
iNOS  (figure  6).  However,  if  the  macrophages  are  treated  with 
IL-4  or  IL-13  prior  to  activation  with  LPS  and  IFNy,  then 
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Figure  6.  CD  L'  mice  have  tumoricidal  iNOS- 
producing  Ml  macrophages.  (A)  Peritoneal 
macrophages  from  BALB/c,  CDL',  IL-4R«'',  or 
STAT6'7'  mice  were  not  activated,  activated  with 
LPS  and  IFNy,  and/or  treated  with  IL-4  or  IL-13 
in  the  presence  or  absence  of  the  iNOS  inhibitor, 
L-NMMA  or  its  inactive  enantiomere,  D-NMMA. 
NO  was  measured  using  the  Griess  reagent.  (B) 
Peritoneal  macrophages  were  prepared  as  in  6A, 
and  cell  lysates  western  blotted  with  mAb  to 
arginase.  Lane  1:  not-activated;  lane  2:  activated 
with  LPS  and  IFNy;  lane  3:  pre-treated  with  IL-4 
before  activation  with  LPS  and  IFNy;  lane  4:  pre¬ 
treated  with  IL-13  before  activation  with  LPS  and 
IFNy;  lane  5:  pre-treated  with  IL-4,  not  activated; 
lane  6:  pre-treated  with  IL-13,  not  activated.  (C) 
LPS  and  IFNy  activated  BALB/c,  CDL'',  orlL- 
4Ra',_  peritoneal  macrophages  were  co-cultured 
with  4T1  cells  in  the  presence  or  absence  of  the 
iNOS  inhibitor  L-NMMA,  and  percent 
cytotoxicity  measured  by  LDH  release.  Activated 
CD1J',  or  IL-4Ra  '‘ macrophages  are  significantly 
more  cytotoxic  than  BALB/c  macrophages  (p  < 
0.05). 
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BALB/c  and  CD1'A  macrophages  make  much  less  iNOS,  whereas  iNOS  production  by  STAT6'  and  IL- 
4Roc'A  is  unaffected.  Since  BALB/c  mice  will  produce  IL-4  and/or  IL-13  in  vivo,  their  macrophages  will 
not  make  significant  levels  of  iNOS,  and  hence  BALB/c  mice  will  not  have  Ml  macrophages.  In  contrast, 
CD  1 'A  mice  will  have  iNOS-producing  Ml  macrophages  in  vivo  because  they  have  diminished  levels  of  IL- 
4  and  IL-13  since  they  lack  NKT  cells. 

The  production  of  arginase  has  been  associated  with  M2  type  macrophages  which  are  thought  to 
promote  tumor  progression  (7-9).  To  determine  if  arginase  production  by  macrophages  is  associated  with 
tumor  progression,  BALB/c,  CDl'7',  and  IL-4Ra'  peritoneal  macrophages  were  isolated  and  tested  for 
arginase  by  western  blot  (figure  6B).  Macrophages  were  either  not  activated  (lane  1),  activated  with  LPS 
plus  IFNy  (lane  2),  pretreated  with  IL-4  before  LPS  and  IFNy  activation  (lane  3),  pretreated  with  IL-13 
before  LPS  and  IFNy  activation  (lane  4),  unactivated  and  treated  with  IL-4  (lane  5),  or  not  activated  and 
treated  with  IL-13  (lane  6).  BALB/c  and  CDl'’  macrophages,  regardless  of  treatment,  contain  arginase, 

whereas  IL-4Ra"A  macrophages  contain  very  little,  if  any  arginase. 

Macrophage  tumoricidal  activity  is  attributed  to  iNOS 
production  (9),  so  CD1A  macrophages  may  be  tumoricidal  even  though 
they  also  contain  arginase.  To  test  this  hypothesis,  BALB/c,  CD1A,  and 
IL-4Ra'A  peritoneal  macrophages  were  harvested,  activated  in  vitro  with 
LPS  and  IFNy  and  tested  for  cytotoxic  activity  against  4T1  tumor  cells. 
CD1'A  and  positive  control  IL-4RoT  macrophages  are  significantly  more 
cytotoxic  than  BALB/c  macrophages  (figure  6C)  (p<0.05).  The 
cytotoxicity  is  due  to  iNOS,  since  addition  of  the  iNOS  inhibitor,  L- 
NMMA,  eliminates  the  cytotoxic  effect,  whereas  the  inactive  inhibitor 
D-NMMA  has  no  effect.  Therefore,  although  CD  1"A  macrophages 
contain  both  iNOS  and  arginase,  they  have  strong  tumoricidal  activity 
indicating  they  are  polarized  towards  the  Ml  phenotype.  To  confirm 
the  role  of  Ml  macrophages  in  tumor  resistance,  macrophages  were 
depleted  from  post-surgery  CDl  A  mice  by  treatment  with  liposomes 
loaded  with  clodronate.  Macrophage-depleted  (3/3)  mice  were  dead  by 
42  days  after  injection  of  primary  tumor,  whereas,  mice  treated  with 
PBS  loaded  liposomes  survived  (MST  >  83  days).  Therefore,  NO- 
producing  Ml  macrophages  are  essential  for  the  survival  of  post-surgery 
CD  1 'A  mice,  as  they  are  for  resistance  of  STAT67"  mice. 

IL-4RaA  Mice  are  Tumor  Susceptible  and  Maintain 
Elevated  Levels  of  MSC  After  Surgery.  If  the  presence  of  Ml 
macrophages  is  sufficient  for  tumor  resistance,  then  IL-4Ra'A  mice, 
which  have  tumoricidal  Ml  macrophages,  may  survive  after  removal 
of  primary  tumor.  To  test  this  possibility,  BALB/c  and  IL-4Ra'A  mice 
were  inoculated  with  4T1,  primary  tumors  surgically  removed  2-3 
weeks  later,  and  the  mice  followed  for  survival.  IL-4Ra  mice  are  just 
as  susceptible  as  BALB/c  mice  (5/6  IL-4Ra'A  vs.  7/8  BALB/c  mice 
die),  indicating  that  despite  the  presence  of  Ml  macrophages,  IL-4Ra'A 
mice  do  not  have  heightened  tumor  immunity.  Because  tumor 
immunity  in  CD1'A  (see  figure  2)  and  STAT6'7'  (1)  mice  is  associated 
with  a  rapid  decrease  to  baseline  in  MSC,  we  assessed  MSC  levels  in  tumor-bearing  non-surgery  and  post¬ 
surgery  IL-4Ra'A  mice.  Non-surgery  IL-4Ra'A  mice  have  elevated  levels  of  MSC  (figure  7A),  and  MSC 
remain  elevated  after  surgery  similar  to  BALB/c  (p>  0.05).  with  only  14%  of  IL-4Ra'A  mice  having 
nonnal  levels  (<8%  MSC).  Likewise,  post-surgery  IL-4R<x'A  mice  contain  high  levels  of  metastatic  cells 
(figure  7B).  Therefore,  although  IL-4Ra  A  mice  generate  tumoricidal  Ml  macrophages,  they  are  not  tumor 
resistant  and  they  have  elevated  levels  of  MSC,  even  after  removal  of  primary  tumor. 

The  studies  with  CDl -deficient  mice  strongly  support  our  findings  in  STAT6'a  mice  that  resistance 
to  metastatic  4T1  mammary  carcinoma  in  post-surgery  mice  requires  a  reduction  in  MSC,  the  generation 
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Figure  7.  IL-4R0C  mice  are  not 
resistant  to  4T1  metastatic  disease  and 
retain  elevated  levels  of  MSC  after 
surgery.  IL^Ra''  and  BALB/c  mice 
were  inoculated  in  the  mammary  gland 
on  day  0  with  7000  4T  1  tumor  celts, 
and  primary  tumors  left  in  place  (non¬ 
surgery  groups)  or  removed  on  day  ~28 
(post-surgery  groups).  Tumor-free  mice 
were  not  given  4T  1.  (A)  Lungs  and 
spleens  were  harvested  on  day  ~38  and 
splenocytes  were  labeled  with  Grl-PE 
and  CD  1  lb-FITC  to  determine  percent 
MSC.  (B)  The  number  of  metastatic 
cells  in  the  lungs  was  quantified  by  the 
clonogenic  assay.  Data  for  (A)  and  (B) 
are  pooled  from  two  independent 
experiments  and  include  6  mice/group. 
Dotted  lines  indicate  the  maximum 
amount  of  MSC  in  tumor-free  mice 
(<8%).  Each  symbol  represents  an 
individual  mouse. 


8 


of  Ml  macrophages,  and  tumor-specific  CD8+  T  cells.  Since  these  characteristics  are  needed  in  both 

mouse  strains,  it  is  likely  that  these  findings  are  generally  applicable. 

KEY  ACCOMPLISHMENTS 

►  Demonstrated  that  CD  1 -deficient  mice  reject  metastatic  4T1  mammary  carcinoma  and  survive 
indefinitely  if  their  primary  tumors  are  surgically  removed. 

►  Demonstrated  that  MSC  levels  are  elevated  in  CD1  -deficient  mice  with  primary  tumors,  but  regress 
to  normal  levels  after  surgery. 

►  Demonstrated  that  CD4+  and  CD8+  T  cells  are  required  for  resistance  to  metastatic  disease. 

►  Demonstrated  that  MSC  inhibit  T  cell  activation  by  the  production  of  arginase  and  that  they  down- 
regulate  CD3-zeta  chain  in  CD4+  T  cells,  but  not  in  CD8+  T  cells. 

►  Demonstrated  that  CD  1 -deficient  mice  have  M 1  macrophages  that  mediate  tumor  cell  killing  by 
the  production  of  iNOS. 

►  Demonstrated  that  the  polarization  of  macrophages  towards  an  M2,  non-tumoricidal 

►  phenotype  is  regulated  by  EL- 13  and/or  IL-4  via  the  IL-4Ralpha. 

►  Concluded  that  the  combination  of  M 1  macrophages,  regression  of  MSC,  and  induction  of  tumor- 
specific  CD8+  T  cells  is  required  for  rejection  of  established  metastatic  mammary  carcinoma  and 
survival. 

REPORTABLE  OUTCOMES 

►  The  following  peer-reviewed  article  was  published:  Sinha,  P.,  V.  K.  Clements,  and  S.  Ostrand- 
Rosenberg,  2005.  Reduction  of  myeloid-derived  suppressor  cells  and  induction  of  Ml  macrophages 
facilitate  the  rejection  of  established  metastatic  disease.  J.  Immunol.  174:636-645. 

►  The  following  review  article  was  published:  Ostrand-Rosenberg,  S.,  P.  Sinha,  E.  Danna,  S.  Miller, 
C.  Davis,  and  S.  Dissanayake,  2005.  Antagonists  of  tumor-specific  immunity:  tumor  induced 
immune  suppression  and  host  genes  that  co-opt  the  anti-tumor  immune  response.  In:  Breast 
Diseases  20:127-135. 

►  The  following  review  article  is  in  press:  Ostrand-Rosenberg,  S.,  2005.  CD4+  T  lymphocytes: 
Critical  components  of  anti-tumor  immunity.  Cancer  Invest.,  in  press. 

►  The  following  review  article  is  in  press:  Sinha,  P.,  V.  Clements,  and  S.  Miller,  2005.  Tumor 
immunity:  A  balancing  act  between  T  cell  activation,  macrophage  activation  and  tumor-induced 
immune  suppression.  Cancer  Immunol.  Immunother.,  in  press. 

►  The  following  manuscript  is  in  revision:  Sinha,  P.,  V.  Clements,  and  S.  Ostrand-Rosenberg,  2005. 
M2  macrophages  and  myeloid  suppressor  cells  block  immune  surveillance  against  metastasis  via 
an  IL- 13-dependent  pathway.  (In  revision,  Cancer  Res.) 

►  Short  talk  on  the  reported  results  presented  at  the  Basic  Aspects  of  Tumor  Immunology >  II 
Conference  in  Keystone,  CO,  March  19-24,  2005. 
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►  Talk  on  the  reported  results  presented  at  the  Tumor  Escape  and  Its  Determinants  Conference  in 
Salzburg,  Austria,  October  10-13,  2004. 

►  Talk  on  the  reported  results  presented  at  the  International  Workshop  IT-2004  Immunotherapy  for 
the  New  Century,  Havana,  Cuba,  November  15-19,  2004. 

►  Poster  presentation  of  the  reported  results  was  presented  at  the  Basic  Aspects  of  Tumor 
Immunology  II  Conference  in  Keystone,  CO,  March  19-24,  2005. 

CONCLUSIONS/SIGNIFICANCE 

This  project  is  aimed  at  determining  the  potency  of  the  STAT6  gene  effect  in  reducing  metastatic 
mammary  cancer  and  at  understanding  the  mechanisms  responsible  for  the  increased  resistance.  During 
the  4  year  period  of  support  (3  years  plus  a  one  year  no-cost  extension),  we  have  made  significant  progress 
in  both  of  these  areas.  Our  fundamental  observation  is  that  STAT6'7'  mice  reject  established  metastatic 
mammary  carcinoma  if  the  primary  mammary  tumor  is  surgically  removed.  Rejection  is  mediated  by  a 
variety  of  effector  mechanisms  including  polarized  Ml  macrophages  and  tumor-specific  CD8+  T  cells. 
Since  4T 1  (similar  to  many  human  mammary  tumors)  induces  a  profound  immune  suppression,  resistance 
to  metastatic  disease  also  requires  a  drastic  reduction  in  myeloid-derived  suppressor  cells.  These  same 
three  characteristics  also  govern  rejection  of  4T1  mammary  carcinoma  in  CD  1 -deficient  mice,  suggesting 
that  our  findings  may  be  universally  applicable.  The  results  of  this  last  year  are  particularly  informative 
because  they  identify  IL-4  and  IL-13  as  the  molecules  that  govern  M2  macrophage  differentiation.  These 
studies  are  significant  because  1)  They  demonstrate  that  multiple  immune  effector  mechanisms  are 
necessary  for  rejection  of  established  metastatic  disease,  suggesting  that  the  most  effective 
immunotherapies  will  activate  the  host's  immune  system  via  multiple  pathways;  and  2)  Since  Ml  type 
macrophages  are  essential  for  tumor  rejection  and  most  patients  have  M2  macrophages,  immunotherapies 
must  be  developed  that  polarize  macrophages  towards  an  Ml  phenotype. 

REFERENCES 

1 .  Sinha,  P.,  Clements,  V.  K.,  and  Ostrand-Rosenberg,  S.  Reduction  of  myeloid-derived  suppressor 
cells  and  induction  of  Ml  macrophages  facilitate  the  rejection  of  established  metastatic  disease.  J. 
Immunol.  774:636-645. ,  2005. 

2.  Kusmartsev,  S.  and  Gabrilovich,  D.  I.  Immature  myeloid  cells  and  cancer-associated  immune 
suppression.  Cancer  Immunol  Immunother,  51:  293-298,  2002. 

3.  Bronte,  V.,  Serafini,  P.,  De  Santo,  C.,  Marigo,  I,  Tosello,  V.,  Mazzoni,  A.,  Segal,  D.  M.,  Staib,  C., 
Lowel,  M.,  Sutter,  G.,  Colombo,  M.  P.,  and  Zanovello,  P.  IL-4-induced  arginase  1  suppresses 
alloreactive  T  cells  in  tumor-bearing  mice.  J  Immunol,  170:  270-278,  2003. 

4.  Rodriguez,  P.  C.,  Zea,  A.  H.,  DeSalvo,  J.,  Culotta,  K.  S.,  Zabaleta,  J.,  Quiceno,  D.  G.,  Ochoa,  J.  B., 
and  Ochoa,  A.  C.  L-arginine  consumption  by  macrophages  modulates  the  expression  of  CD3  zeta 
chain  in  T  lymphocytes.  J  Immunol,  171:  1232-1239,  2003. 

5.  Zabaleta,  J.,  McGee,  D.  J.,  Zea,  A.  H.,  Hernandez,  C.  P.,  Rodriguez,  P.  C.,  Sierra,  R.  A.,  Correa,  P., 
and  Ochoa,  A.  C.  Helicobacter  pylori  arginase  inhibits  T  cell  proliferation  and  reduces  the 
expression  of  the  TCR  zeta-chain  (CD3zeta).  J  Immunol,  173:  586-593,  2004. 

6.  Kusmartsev,  S.,  Nefedova,  Y.,  Yoder,  D.,  and  Gabrilovich,  D.  I.  Antigen-specific  inhibition  of 
CD8+  T  cell  response  by  immature  myeloid  cells  in  cancer  is  mediated  by  reactive  oxygen  species. 
J  Immunol,  172:  989-999,  2004. 

7.  Mills,  C.  D.  Macrophage  arginine  metabolism  to  omithine/urea  or  nitric  oxide/citrulline:  a  life  or 
death  issue.  Crit  Rev  Immunol,  21:  399-425,  2001. 

8.  Mills,  C.  D.,  Kincaid,  K.,  Alt,  J.  M.,  Heilman,  M.  J.,  and  Hill,  A.  M.  M-l/M-2  macrophages  and 
the  Thl/Th2  paradigm.  J  Immunol,  164:  6166-6173,  2000. 


10 


9.  Mantovani,  A.,  Sozzani,  S.,  Locati,  M.,  Allavena,  P.,  and  Sica,  A.  Macrophage  polarization:  tumor- 
associated  macrophages  as  a  paradigm  for  polarized  M2  mononuclear  phagocytes.  Trends 
Immunol,  23:  549-555,  2002. 

10.  Smiley,  S.  T.,  Kaplan,  M.  H.,  and  Grusby,  M.  J.  Immunoglobulin  E  production  in  the  absence  of 
interleukin-4-secreting  CD  1-dependent  cells.  Science,  275:  977-979,  1997. 

11.  Chen,  Y.  H.,  Chiu,  N.  M.,  Mandal,  M.,  Wang,  N.,  and  Wang,  C.  R.  Impaired  NK1+  T  cell 
development  and  early  IL-4  production  in  CD  1 -deficient  mice.  Immunity,  6:  459-467,  1997. 

12.  Mendiratta,  S.  K.,  Martin,  W.  D.,  Hong,  S.,  Boesteanu,  A.,  Joyce,  S.,  and  Van  Kaer,  L.  CDldl 
mutant  mice  are  deficient  in  natural  T  cells  that  promptly  produce  IL-4.  Immunity,  6:  469  All, 
1997. 

13.  Yoshimoto,  T.,  Bendelac,  A.,  Watson,  C.,  Hu-Li,  J.,  and  Paul,  W.  E.  Role  of  NK1.1+  T  cells  in  a 
TH2  response  and  in  immunoglobulin  E  production.  Science,  270:  1845-1847,  1995. 

14.  Kondo,  M.,  Takeshita,  T.,  Ishii,  N.,  Nakamura,  M.,  Watanabe,  S.,  Arai,  K.,  and  Sugamura,  K. 
Sharing  of  the  interleukin-2  (IL-2)  receptor  gamma  chain  between  receptors  for  IL-2  and  IL-4. 
Science,  262:  1874-1877,  1993. 

15.  Russell,  S.  M.,  Keegan,  A.  D.,  Harada,  N.,  Nakamura,  Y.,  Noguchi,  M.,  Leland,  P.,  Friedmann,  M. 
C.,  Miyajima,  A.,  Puri,  R.  K.,  Paul,  W.  E.,  and  et  al.  Interleukin-2  receptor  gamma  chain:  a 
functional  component  of  the  interleukin-4  receptor.  Science,  262:  1880-1883,  1993. 

16.  Takeda,  K.,  Kamanaka,  M.,  Tanaka,  T.,  Kishimoto,  T.,  and  Akira,  S.  Impaired  IL-13-mediated 
functions  of  macrophages  in  STAT6-deficient  mice.  J  Immunol,  157:  3220-3222,  1996. 


APPENDICES 

Manuscripts  published  as  a  result  of  this  project  from  2001-2005.  (All  are  attached): 

1.  Sinha,  P.,  V.  K.  Clements,  and  S.  Ostrand-Rosenberg,  2005.  Reduction  of  myeloid-derived 
suppressor  cells  and  induction  of  Ml  macrophages  facilitate  the  rejection  of  established  metastatic 
disease.  J.  Immunol.  174:6 36-645. 

2.  Ostrand-Rosenberg,  S.,  P.  Sinha,  E.  Danna,  S.  Miller,  C.  Davis,  and  S.  Dissanayake,  2004. 
Antagonists  of  tumor-specific  immunity:  tumor  induced  immune  suppression  and  host  genes  that 
co-opt  the  anti-tumor  immune  response.  In:  Breast  Diseases  20:127-135. 

3.  Danna,  E.,  Sinha,  P.,  and  Clements,  V.,  2004.  Surgical  removal  of  primary  tumor  reverses  tumor-induced 
immunosuppression  despite  the  presence  of  metastatic  disease  ,  Cancer  Research  64:2205-2211. 

4.  Ostrand-Rosenberg,  S.,  2004,  Animal  models  of  tumor  immunity,  immunotherapy  and  cancer  vaccines, 

Curr.  Opin.  Immunol.  16:143-150. 

5.  Pulaski,  B.,  M.  Smyth,  and  S.  Ostrand-Rosenberg,  2002.  IFN-gamma-dependent  phagocytic  cells 
are  a  critical  component  of  innate  immunity  against  metastatic  mammary  carcinoma.  Cancer  Res. 
62:4406-4412. 

6.  Ostrand-Rosenberg,  S.,  V.  Clements,  M.  Terabe,  J.  Park,  J.  Berzofsky,  and  S.  Dissanayake,  2002. 
Hematopoietic  and  non-hematopoietic  cells  facilitate  survivial  of  Stat6-deficient  mice  with 
metastatic  breast  cancer.  J.  Immunol.  769:5796-5804. 

7.  Ostrand-Rosenberg,  S.,  Sinha,  P.,  Clements,  V.,  Dissanayake,  S.  I.,  Miller,  S.,  Davis,  C.,  and 
Danna,  E.  2004.  Signal  transducer  and  activator  of  transcription  6  (Stat6)  and  CD1 :  inhibitors  of 
immunosurveillance  against  primary  tumors  and  metastatic  disease,  Cancer  Immunol.  Immunother 
53:86-91. 


11 


8. 


Sinha,  P.,  V.  Clements,  and  S.  Miller,  2005.  Tumor  immunity:  A  balancing  act  between  T  cell 
activation,  macrophage  activation  and  tumor-induced  immune  suppression.  Cancer  Immunol. 
Immunother.,  in  press. 


Manuscripts  currently  in  revision: 

9.  Sinha,  P.,  V.  Clements,  and  S.  Ostrand-Rosenberg,  2005.  M2  macrophages  and  myeloid 

suppressor  cells  block  immune  surveillance  against  metastasis  via  an  IL- 13 -dependent  pathway.  (In 
revision) 


12 


APPENDIX  1 


The  Journal  of  Immunology 


Reduction  of  Myeloid-Derived  Suppressor  Cells  and  Induction 
of  Ml  Macrophages  Facilitate  the  Rejection  of  Established 
Metastatic  Disease1 


Pratima  Sinha,  Virginia  K.  Clements,  and  Suzanne  Ostrand-Rosenberg2 

More  than  60%  of  STAT6_/_  mice  immunologically  reject  spontaneous  metastatic  mammary  carcinoma  and  survive  indefinitely 
if  their  primary  tumors  are  removed,  whereas  95%  of  STAT6-competent  BALB/c  mice  succumb  to  metastatic  disease.  BALB/c  and 
STAT6-deficient  mice  with  primary  tumors  have  elevated  levels  of  Grl+CDllb+  myeloid  suppressor  cells  (MSCs),  which  inhibit 
T  cell  activation.  After  removal  of  primary  tumor,  MSC  levels  revert  to  baseline  in  STAT6-deficient  mice,  but  remain  elevated  in 
BALB/c  mice.  The  decrease  is  IFN-y  dependent,  as  is  the  reduction  in  metastatic  disease.  Neither  BALB/c  nor  STAT6-deficient 
MSCs  produce  inducible  NO  synthase;  however,  both  produce  arginase  and  reactive  oxygen  species.  STAT6-deficient  mice  pro¬ 
duce  Ml  macrophages,  which  contain  high  levels  of  NO  and  are  tumoricidal,  whereas  BALB/c  mice  produce  M2  macrophages, 
which  make  arginase  and  are  not  tumoricidal.  Immunity  in  STAT6-deficient  mice  requires  the  activation  of  NO-producing  Ml 
macrophages  that  are  tumoricidal,  the  reduction  in  MSC  levels  to  baseline  after  surgical  removal  of  primary  tumor,  and  the 
activation  of  tumor-specific  T  cells.  These  mechanisms  occur  in  STAT6~/_  mice  because  STAT6  deficiency  prevents  signaling 
through  the  type  2  IL-4Ra,  thereby  blocking  the  production  of  arginase  and  promoting  the  synthesis  of  NO.  The  Journal  of 
Immunology,  2005,  174:  636-645. 


Recent  laboratory  and  clinical  studies  suggest  that  immu- 
nosurveillence  and  immunotherapy  may  be  effective 
mechanisms  for  preventing  tumor  onset  and/or  limiting 
the  growth  and  progression  of  established  tumors  (1,2).  However, 
effective  anti-tumor  immunity  is  frequently  impeded  by  compli¬ 
cating  factors  such  as  1)  host  tolerance  to  tumor  Ags  (3),  2)  down- 
regulation  of  MHC  molecules  on  tumor  cells,  rendering  them  re¬ 
sistant  to  cell-mediated  immunity  (4),  3)  tumor  cell  expression  of 
ligands  that  mediate  T  cell  destruction  or  dysfunction  (5),  4)  pro¬ 
duction  of  CD4+CD25+  T  regulatory  cells  that  block  activation  of 
effector  T  cells  (6),  and  5)  tumor-induced  immune  suppression  via 
the  production  of  myeloid-derived  suppressor  cells  (MSCs)3  (7). 
The  balance  between  these  factors  is  critical  for  determining 
whether  the  host’s  immune  system  rejects  tumor  or  if  it  is  inhibited 
and  is  ineffective  in  controlling  tumor  growth. 

We  and  others  have  recently  identified  a  gene  whose  deletion 
favors  the  development  of  anti-tumor  immunity,  thereby  tipping 
the  balance  away  from  inhibitory  processes  and  toward  a  produc- 
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five  tumor-specific  immune  response.  Mice  that  are  deficient  for 
the  STAT6  gene  are  resistant  to  the  metastatic  4T1  mammary  car¬ 
cinoma  (8,  9),  to  recurrence  of  the  15-12RM  fibrosarcoma  (10), 
and  to  growth  of  the  P815  mastocytoma  (11).  Tumor  resistance  in 
STAT6-deficient  mice  is  T  cell  mediated  and  CD8  dependent.  Be¬ 
cause  STAT6  is  essential  for  activation  of  Type  2  CD4+  T  cells, 
it  was  hypothesized  that  STAT6-deficient  mice  have  a  polarized 
Type  1  CD4+  T  cell  response  and  hence  are  better  able  to  generate 
tumor-specific  CDS'1  T  cells  than  are  STAT6+/+  mice.  Surpris¬ 
ingly,  additional  studies  with  the  mammary  carcinoma  and  fibro¬ 
sarcoma  tumors  did  not  confirm  a  role  for  Type  1  vs  Type  2  CD44 
T  cell  responses,  but  instead  indicated  that  deletion  of  the  STAT6 
gene  removed  an  inhibitor  that  interfered  with  the  generation  of 
tumor-specific  CD8+  T  cells.  In  the  fibrosarcoma  system,  inhibi¬ 
tion  is  IL-13  dependent  and  involves  NKT  cells  that  activate 
Grl+CDllb4  MSCs,  which  in  turn  produce  immunosuppressive 
TGF/3  (12).  In  contrast,  inhibition  in  the  mammary  carcinoma  sys¬ 
tem  does  not  involve  IL-13,  suggesting  that  STAT6  deficiency  can 
mediate  tumor  regression  via  more  than  one  mechanism  (9). 

Because  a  better  understanding  of  the  pathways  by  which 
STAT6  deficiency  leads  to  tumor  regression  may  suggest  novel 
immunotherapy  strategies,  we  are  studying  the  mechanisms  that 
underlie  immunity  to  the  BALB/c-derived  4T1  mammary  carci¬ 
noma.  This  tumor  shares  many  characteristics  with  human  breast 
cancer,  particularly  its  ability  to  spontaneously  metastasize  to  the 
lungs,  brain,  liver,  blood,  lymph  nodes,  and  bone  marrow  (13,  14). 
Although  >95%  of  wild-type  BALB/c  (STAT6+/+)  mice  die  from 
4T1  metastatic  disease  even  if  the  primary  mammary  gland  tumor 
is  surgically  removed,  >60%  of  STAT6-deficient  BALB/c  mice 
survive  indefinitely  with  the  same  treatment  (9).  In  the  present 
study  we  find  that  immunity  in  postsurgery  STAT6-deficient  mice 
is  associated  with  a  rapid  decrease  in  a  novel  MSC  population  and 
with  the  activation  of  Type  1  tumoricidal  macrophages  that  pro¬ 
duce  NO.  Combined  with  our  earlier  studies,  these  results  indicate 
that  immunity  to  the  4T1  tumor  in  wild-type  mice  is  blocked  by 
two  inhibitors:  1)  a  novel  MSC  population  that  interferes  with 
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CD4+  T  cell  activation,  and  2)  macrophages  that  preferentially 
produce  arginase  instead  of  NO.  These  studies  also  demonstrate 
that  suppressor  cell  characteristics  vary  between  different  tumors 
and  hosts,  suggesting  that  multiple  subpopulations  of  MSC  exist. 

Materials  and  Methods 

Mice 

Mice  were  maintained  and/or  bred  in  the  University  of  Maryland  Baltimore 
County  (UMBC)  animal  facility  according  to  the  National  Institutes  of  Health 
guidelines  for  the  humane  treatment  of  laboratory  animals.  All  animal  proce¬ 
dures  have  been  approved  by  the  UMBC  Institutional  Animal  Care  and  Use 
Committee.  BALB/c,  STAT6-deficient  BALB/c  (STAT6',_)  and  double-de¬ 
ficient  STAT6~/_IFN-y'“/-  BALB/c  mice  were  obtained  and/or  generated  as 
described  (8,  9).  BALB/c  DOl  1.10  TCR-transgenic  mice  expressing  an  a/3- 
TCR  restricted  to  chicken  OVA  peptide  323-339  restricted  by  I-Ad  (15)  were 
obtained  from  The  Jackson  Laboratory.  BALB/c  clone  4  TCR-transgenic  mice 
expressing  an  a/3-TCR  specific  for  amino  acids  518-526  of  influenza  hem¬ 
agglutinin  (HA)  restricted  to  H-2Kd  (16)  and  3A9  TCR-transgenic  mice  ex¬ 
pressing  an  a/3-TCR  specific  for  hen  eggwhite  lysozyme  (HEL)  peptide 
46-61  restricted  to  I-Ak  (17)  were  kindly  provided  by  Drs.  E.  Fuchs  (Johns 
Hopkins,  Baltimore,  MD)  and  B.  Wade  (Dartmouth,  Hannover,  NH), 
respectively. 

Reagents  and  Abs 

Dichlorodihydrofluorescein  diacetate  (DCFDA)  and  dihydroethidium 
(DHE)  were  from  Molecular  Probes;  recombinant  mouse  IFN-y  and  LPS 
were  from  Pierce-Endogen  and  Difco,  respectively.  OVA, 3.1-339  peptide 
was  synthesized  in  the  Biopolymer  Core  Facility  at  the  University  of  Mary¬ 
land,  Baltimore.  Diff-Quik  stain  set  was  from  Dade  Behring. 

Fluorescently  labeled  anti-mouse  Abs  Grl-PE,  CD3-FITC,  CD4-PE. 
CD8-FITC,  B220-PE,  CDllc-PE,  I-Ad/I-Ed,  Dd-FITC,  CD86-PE,  CD80- 
FITC,  CD40-PE,  CD44-FITC,  CD14-FITC,  CD23-F1TC,  CD31-FITC, 
CD34-FITC,  CD16/CD32-FITC,  rat  IgG2a-PE  isotype  control,  and  rat 
IgG2a-FITC  isotype  control  were  from  BD  Pharmingen.  CD1  Ib-FITC,  F4/ 
80-FITC,  and  KJ1-26,  an  anti-clonotypic  mAb  that  recognizes  the 
DOl  1.10  TCR  (18),  were  from  Caltag;  PDL2-PF,  was  from  eBioscience; 
CD33-F1TC  was  from  Biocarta;  DEC205-FITC  was  from  Cedarlane;  and 
rat  anti-mouse  Gr-1  Ab  for  MACS  sorting  (clone  RB6-8C5)  was  from  BD 
Pharmingen. 

Cell  lines 

The  J774  macrophage  and  L929  fibroblast  cell  lines  were  obtained  from  the 
American  Type  Culture  Collection  and  maintained  in  DMEM  (Biofluids) 
supplemented  with  10%  FBS  (HyClone),  1%  penicillin,  1%  streptomycin 
(Biofluids),  and  1%  Glutamax  (Invitrogen  Life  Technologies).  The  4T1 
mammary  carcinoma  was  maintained  as  described  (8). 

L-cell  conditioned  medium  (LCCM) 

L929  cells  were  grown  in  75-cm2  T  flasksin  bone  marrow-derived  mac¬ 
rophage  (BMDM)  medium  (DMEM,  10%  FBS,  1%  penicillin,  1%  strep¬ 
tomycin,  and  1  %  Glutamax)  at  37°C  in  5%  C02.  One  confluent  T  flask  was 
split  into  five  75-cm2  T  flasks  and  the  cells  were  cultured  for  48  h  or  until 
confluent.  Culture  supernatants  were  collected,  filtered  through  0.22-pm 
filters,  and  diluted  5-fold  with  BMDM  medium.  Resulting  LCCM  was 
stored  frozen  until  used. 

BMDMs  . 

BMDMs  were  prepared  as  described  (19).  Briefly,  femurs  were  removed 
from  euthanized  mice  and  flushed  with  DMEM.  The  resulting  cells  were 
pelleted  at  290  X  g  and  incubated  in  BMDM  medium  at  37“C  in  5%  C02. 
Twenty-four  hours  later  the  adherent  cells,  containing  mostly  fibroblasts 
and  stromal  cells,  were  discarded,  and  the  nonadherent  cells  were  replated 
in  1 0-cm  dishes  in  1 0  ml  of  LCCM.  Four  days  later,  another  5  ml  of  LCCM 
was  added  to  each  dish.  Cultures  were  maintained  for  10-20  days.  Result¬ 
ing  cells  were  assayed  by  flow  cytometry  and  were  >90%  CDlIb+  or 
F4/80+. 

Splenic  MSCs 

Splenocytes  were  depleted  of  RBCs  (20)  and  washed  twice  with  degassed, 
cold  MACS  buffer  (0.5%  BSA  in  PBS  with  2  mM  EDTA).  Washed  cells 
were  resuspended  at  1-2  X  109  cells  in  2  ml  of  MACS  buffer,  incubated 
with  100  pi  of  rat  anti-mouse  Grl  Ab  for  30  min  at  4°C,  and  then  washed 
twice  with  MACS  buffer.  Grl -labeled  splenocytes  (in  400  pi  of  MACS 
buffer  in  a  50-ml  tube)  were  then  incubated  at  4°C  with  100  pi  of  goat 


anti-rat  IgG  microbeads  (Miltenyi  Biotec)  for  15  min.  The  tube  was  then 
filled  with  45  ml  of  MACS  buffer  and  centrifuged  for  10  min  at  290  X  g. 
Pelleted  cells  were  resuspended  in  5  ml  of  MACS  buffer  and  sequentially 
applied  to  two  MACS-LS  columns  for  positive  selection  according  to  the 
manufacturer’s  instructions  (Miltenyi  Biotec).  The  resulting  cells  were  as¬ 
sayed  by  flow  cytometry  and  were  >90%  Grl+CD1  lb+. 

Tumor  inoculation,  surgery,  metastasis  ( clonogenic )  assay,  and 
carrageenan  treatment 

Female  BALB/c  mice  were  inoculated  in  the  abdominal  mammary  gland 
with  7  X  1 03  4T 1  tumor  cells  in  50  pi  of  serum-free  IMDM  (Biofluids)  as 
described  (13).  Surgical  resection  of  primary  tumors,  measurement  of  pri¬ 
mary  tumor  diameters,  and  quantification  of  metastatic  disease  using  the 
clonogenic  assay  were  performed  as  previously  described  (13).  Day  of 
tumor  inoculation  is  day  0.  Carrageenan-treated  (Sigma-Aldrich)  mice 
were  inoculated  with  1  mg/mouse  i.p.  on  days  —6  and  —4  and  every  14 
days  thereafter  and  were  followed  for  survival  for  73  days.  Treated  mice 
were  assayed  for  depletion  of  phagocytic  cells  by  measuring  reduced  sus¬ 
ceptibility  to  LPS-induced  toxic  shock  as  described  (21).  Rapidly  progress¬ 
ing  primary  tumors  are  defined  as  those  that  are  >4  mm  in  diameter  by  day 
25-30. 

Cytokine  assays 

4T1  cells  at  5  X  105  cells/well/4  ml  growth  medium  (IMDM,  10%  Fetal 
Clone  I,  1%  penicillin,  1%  streptomycin,  and  1%  Glutamax)  were  cultured 
in  six-well  plates.  Supernatants  were  collected  after  48  h  and  assayed  in 
triplicate  by  the  Cytokine  Core  Facility  at  the  University  of  Maryland, 
Baltimore  (IL-6,  III- 10,  GM-CSF,  and  activated  TGFJ3)  or  by  using  an 
ELISA  kit  from  R&D  Systems  according  to  the  manufacturer’s  guidelines 
vascular  endothelial  growth  factor  (VEGF). 

Flow  cytometry 

Cells  were  labeled  for  direct  immunofluorescence  as  described  (13).  Abs 
were  diluted  in  HEPES  buffer  (0.01  M,  pH  7.35)  with  2%  FCS  (HyClone). 
Samples  were  analyzed  on  an  Epics  XL  flow  cytometer  (Beckman  Coulter) 
and  analyzed  using  Expo32  ADC  software  (Beckman  Coulter). 

Reactive  oxygen  species  (ROS) 

ROS  production  was  measured  by  DCFDA  and  DHE  as  described  (22). 
Briefly,  10®  MSCs  were  incubated  at  37°C  in  serum-free  DMEM  contain¬ 
ing  2  pM  DCFDA  for  20  min  to  measure  ROS  or  with  2  pM  DHE  for  60 
min  to  measure  superoxide.  To  block  ROS  production,  MSCs  were  incu¬ 
bated  at  37°C  with  the  arginase  inhibitor  /Vw-hydroxyI-nor-L-arginine  (nor- 
NOHA;  500  mM)  for  10  min,  followed  by  a  20-min  incubation  with 
DCFDA  (2  pM).  Treated  cells  were  washed  twice  with  excess  cold  PBS 
and  analyzed  by  flow  cytometry. 

NO  and  arginase  assays 

BMDMs  or  MACS-sorted  MSCs  were  activated  by  culturing  2  X  105 
cells/200-pl  well  in  DMEM  containing  5%  FBS  and  IFN-y  and  LPS  at 
final  concentrations  of  2  and  100  ng/ml,  respectively,  in  96-well  flat-bot¬ 
tom  plates  for  18  h.  The  supernatants  of  individual  wells  were  then  re¬ 
moved  for  the  NO  assay,  and  the  remaining  attached  cells  were  used  for  the 
arginase  assay. 

NO  assay 

NO  was  measured  using  Griess  reagents  (23).  Briefly,  100  pi  of  culture 
supernatant  was  incubated  for  10  min  at  room  temperature  with  50  pi  of 
Griess  reagent  A  (1%  sulfanilamide  in  2.5%  H3P04)  plus  50  pi  of  Griess 
reagent  B  (0.1%  naphthylethylenediamine  dihydrochloride  in  2.5% 
H3PO4)  per  well  in  96-well  flat-bottom  plates.  Absorbance  at  540  nm  was 
measured  using  a  Biotek  31 1  microplate  reader.  Data  are  the  mean  ±  SD 
of  triplicate  wells. 

Arginase  assay 

Arginase  was  quantified  by  measuring  the  production  of  urea  as  described 
(24,  25)  with  the  following  modifications.  BMDMs  were  washed  twice 
with  0.5%  BSA  in  PBS,  resuspended  in  50  pi  of  lysis  buffer  (10  ml  of  0.1% 
Triton  X-100  in  water  with  one  tablet  of  protease  inhibitor  mixture; 
Roche),  and  incubated  at  37°C  for  30  min.  Lysates  were  transferred  to 
1.5-ml  microfuge  tubes  and  arginase  was  activated  by  adding  50  pi  of  25 
mM  Tris-HCI  and  10  pi  of  2  mM  MnCI2  per  tube  and  heating  the  mixture 
at  56°C  for  10  min.  One  hundred  microliters  of  500  mM  L-arginine  (pH 
9.7)  was  added  per  tube,  and  the  tubes  were  incubated  at  37°C  for  30  min 
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to  hydrolyze  the  L-arginine.  L-Arginine  hydrolysis  was  stopped  by  adding 
800  jLtl  of  acid  solution  (H2SO„  (%%):H3P04  (85%):H20  (1:3:7))  per  tube. 
To  measure  the  degradation  of  L-arginine  to  urea,  40  /ul  of  a-isonitroso- 
propiophenone  (dissolved  in  100%  ethanol)  was  added  to  each  tube  and  the 
resulting  precipitate  was  dissolved  by  heating  the  tubes  at  100°C  for  15 
min.  A  calibration  curve  was  run  in  parallel  with  the  experimental  samples 
and  consisted  of  50  /d  of  serial  dilutions  of  urea  dissolved  in  lysis  buffer. 
Two  hundred  microliters  from  each  tube  was  transferred  to  wells  of  a 
96-well  flat-bottom  plate,  and  the  urea  concentration  was  measured  at  540 
nm  using  a  Biotek  microplate  reader.  Nor-NOHA,  L-norvalin,  M’-monom- 
ethy-L-arginine  (l-NMMA;  Calbiochem)  were  used  as  described  (26).  The 
inactive  enantiomer  D-NMMA  served  as  a  negative  control  for  l-NMMA. 
Data  are  the  mean  ±  SD  from  triplicate  wells. 

T  cell  proliferation  assay 

Splenocytes  from  DOl  1.10,  clone  4,  or  3A9  mice  were  depleted  of  RBCs 
and  cocultured  in  96-well  plates  at  37°C  in  proliferation  medium  (HLI 
medium  (BioWhittaker),  1%  penicillin,  1%  streptomycin,  1%  Glutamax, 
and  5  X  10-5  M  2-ME)  at  105  cells/well  with  2500  Rad  irradiated  MACS- 
sorted  MSCs  and  14  p.M  OVA  peptide,  28  p.M  HA  peptide,  or  5  pg  of 
HEL  protein  in  a  total  volume  of  200  /xl/well  in  5%  C02.  Cells  were  pulsed 
with  I  /uCi  [3H]thymidine/well  (ICN  Biochemicals)  on  day  3,  and  18  h 
later  the  cells  were  harvested  onto  glass  fiber  filter  mats  using  a  Packard 
Micromate  196  cell  harvester.  Filter  mats  were  sealed  in  plastic  bags  with 
4  ml  of  Betaplate  scintillation  fluid  (PerkinElmer)  and  [3H]thymidine  in¬ 
corporation  was  measured  using  a  Wallac  1450  Microbeta  liquid  scintil¬ 
lation  counter  (PerkinElmer).  Data  are  expressed  as  cpm  (mean  ±  SD)  of 
triplicate  cultures.  Transwell  chambers  (0.02-p.m  pores)  were  from  Nunc. 

percent  suppression  =  100%  [1  -  (cpm  of  spleen  +  peptide  +  MSC/ 
cpm  of  spleen  +  peptide)]. 

Cytotoxicity  assay 

Cytotoxicity  was  measured  as  described  (27).  IFN-y-  and  LPS-activated 
BMDMs  (105/well)  were  washed  twice  with  cytotoxicity  medium  (IMDM, 
3%  FBS)  and  cocultured  with  4T1  target  cells  (10‘Vwell)  in  200  p.l/well  for 
24  h  at  37°C  in  5%  C02.  Lactate  dehydrogenase  (LDH)  activity  in  the 
culture  supernatants  was  determined  using  a  Cytotoxicity  Detection  kit 
(Roche)  per  the  manufacturer’s  guidelines.  The  absorbance  at  490  nm  was 
measured  using  a  Biotek  3 1 1  microplate  reader.  Spontaneous  LDH  release 
was  obtained  from  nonactivated  BMDMs  incubated  with  4T1  target  cells. 
Experimental  LDH  release  was  obtained  from  activated  BMDMs  incubated 
with  4T1  target  cells.  Maximum  release  was  obtained  by  adding  100  p I  of 
2%  Triton  X-100  (in  cytotoxicity  medium)  to  wells  of  4T1  target  cells 
alone.  Values  are  the  average  of  triplicates  ±  SD.  Background  values  for 
media  were  subtracted  from  each  point.  Activated  and  nonactivated  BM¬ 
DMs  without  4TI  were  routinely  run  and  gave  no  LDH  release. 

Percent  specific  lysis  =100% 

X  [CV,  Experimental  —  A490  Spontaneous)/(A490  Maximum)] 
All-trans-retinoic  acid  (ATRA)  treatment 

Pellets  with  or  without  ATRA  (Innovative  Research  of  America)  were 
implanted  in  the  neck  on  the  day  of  removal  of  primary  tumor  as  described 
(28).  Lung  metastases  were  quantified  on  day  38  after  4TI  inoculation. 

Statistical  analysis 

Student’s  one-tailed  (see  Fig.  2,  A  and  B )  or  iwo-tailed  (see  all  other  fig¬ 
ures)  t  test  for  unequal  variance  was  performed  using  Microsoft 
Excel  2000. 

Results 

MSC  levels  return  to  normal  in  STAT6-deficient  mice,  but  not  in 
B ALB/c  mice,  after  surgical  removal  of  primary  tumor 

Immature  myeloid  cells  or  MSCs  frequently  accumulate  in  mice 
and  patients  as  tumor  burden  increases,  resulting  in  immune  sup¬ 
pression.  To  determine  whether  deletion  of  the  STAT6  gene  affects 
MSC  levels  in  4TI  tumor-bearing  mice,  wild-type  BALB/c  and 
STAT6~/_  mice  were  inoculated  in  the  mammary  gland  with  4T1 
tumor  cells,  and  splenocytes  were  harvested  30-39  days  later, 
stained,  and  analyzed  by  flow  cytometry  for  Grl+CD1  lb+  MSCs 
(nonsurgery  group).  Because  immune  suppression  has  been  shown 


to  decrease  if  primary  tumor  is  removed  (29),  we  also  assessed 
MSC  levels  in  mice  whose  primary  tumors  were  surgically  re¬ 
sected  (postsurgery  group).  For  the  postsurgery  group,  primary 
tumors  were  resected  on  day  21-28  after  initial  tumor  inoculation, 
and  splenic  MSC  levels  were  assessed  9-1 1  days  later.  The  non¬ 
surgery  BALB/c  and  STAT6~/~  groups  were  matched  for  primary 
tumor  diameter  (TD)  (6.05  ±  0.75  mm  and  5.4  ±  0.97  mm,  re¬ 
spectively)  as  were  the  BALB/c  and  STAT6~/_  surgery  groups  at 
the  time  of  surgery  (TD:  6.11  ±  0.81  mm  and  5.56  ±  0.95  mm, 
respectively)  to  minimize  differences  due  to  primary  tumor  burden. 
Tumor-free  BALB/c  (Fig.  1A)  and  STAT6-/“  (Fig.  IB)  mice  have 
<8%  splenic  MSCs,  whereas  BALB/c  and  STAT6~/_  nonsurgery 
mice  have  similarly  high  levels  of  splenic  MSCs.  Although  both 
postsurgery  groups  showed  decreases  in  splenic  MSCs,  the  de¬ 
crease  in  STAT6_/_  mice  is  significantly  greater  than  in  BALB/c 
mice  in  that  67%  of  STAT6-/~  mice  vs  21%  of  BALB/c  mice 
have  <8%  splenic  MSCs  1 1  days  after  surgery  ( p  <  0.036).  The 
average  MSC  levels  between  the  two  postsurgery  groups  are  also 
statistically  significantly  different  (BALB/c:  12%  ±  2.5; 

STAT6-/~:  7%  ±  1.9;  p  <  0.01).  Therefore,  although  BALB/c 
'and  STAT6-deficient  mice  have  comparably  high  levels  of  splenic 
MSCs  while  primary  tumor  is  present,  postsurgery  STAT6~/_ 
mice  have  fewer  MSCs. 

STAT6-deficient  mice  have  less  metastatic  disease  than  do 
BALB/c  mice 

Tumor  cells  are  known  to  secrete  cytokines  that  stimulate  the  ac¬ 
cumulation  of  MSCs  (30).  Therefore,  the  different  levels  of  MSCs 
in  postsurgery  BALB/c  vs  STAT6-deficicnl  mice  could  be  due  to 
differences  in  cytokine  production  by  4T1  tumor  cells  as  they  grow 
in  the  two  mouse  strains.  To  test  this  hypothesis,  supernatants  from 
in  vitro-cultured  4T1  cells  were  compared  with  supernatants  from  ex 
vivo-cultured  4TI  cells  harvested  from  primary  tumor  or  from 
lungs  of  nonsurgery  mice.  As  measured  by  ELISA,  24-h  superna¬ 
tants  from  in  vitro-cultured  4T1  cells  contained  IL-6  (265  ±  16 
pg/ml),  GM-CSF  (177  ±  9  pg/ml),  VEGF  (88  ±  14  pg/ml),  and 
activated  TGFj3  (2410  ±  27  pg/ml).  Although  supernatants  from 
ex  vivo-cultured  primary  and  metastatic  4T1  cells  contained  vari¬ 
able  levels  of  IL-6,  GM-CSF,  VEGF,  and  activated  TGFj3,  there 
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FIGURE  1.  Grl+CD1  lb+  splenic  MSC  levels  are  elevated  in  nonsur¬ 
gery  BALB/c  and  STAT6-,_  mice,  but  return  to  normal  in  STAT6~/_ 
mice  after  removal  of  primary  tumor.  BALB/c  (A)  or  STAT6-deficient  (B) 
mice  were  inoculated  on  day  0  with  4T 1  tumor  cells  in  the  mammary  gland, 
and  primary  tumors  either  were  left  in  place  (nonsurgery)  or  were  surgi¬ 
cally  resected  on  approximately  day  28  (postsurgery).  Tumor-free  groups 
were  not  inoculated  with  4T1.  Percent  splenic  MSCs  is  the  percent  of 
splenocytes  that  were  CD1  lb+Grl  *  on  approximately  day  38.  Postsurgery 
groups  have  statistically  significantly  fewer  MSCs  than  do  their  corre¬ 
sponding  nonsurgery  groups  (p  <  0.05).  Postsurgery  STAT6-deficient 
mice  have  statistically  fewer  MSCs  than  do  postsurgery  BALB/c  mice  (p  < 
0.036).  (Outlier  value  denoted  with  an  asterisk  was  omitted  for  the  t  test). 
Each  symbol  represents  an  individual  mouse.  Numbers  indicate  the  number 
of  mice  in  each  group.  Data  are  pooled  from  four  independent  experiments. 
Dotted  lines  indicate  the  level  of  MSCs  in  tumor-free  mice. 
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were  no  significant  differences  between  cytokine  levels  from 
BALB/c  and  STAT6_/~  mice  (data  not  shown).  Therefore,  4TI 
tumor  cells  secrete  several  cytokines  known  to  induce  MSCs;  how¬ 
ever,  the  difference  in  MSC  levels  in  postsurgery  BALB/c  and 
STAT6-/_  mice  is  not  due  to  differential  secretion  of  these 
cytokines. 

Because  tumor  load  can  affect  MSC  levels,  we  have  used  the 
clonogenic  assay  to  quantify  lung  metastatic  disease  in  the  non- 
surgery  and  poslsurgcry  BALB/c  and  STAT6-deficient  mice  of 
Fig.  1.  Although  STAT6_/_  mice  have  significantly  (p  <  0.01) 
reduced  metastatic  disease  relative  to  BALB/c  mice,  there  is  no 
direct  correlation  between  number  of  metastatic  cells  and  percent 
MSCs  (Fig.  2). 

MSCs  from  STAT6~/~  and  BALB/c  mice  are  phenotypically  and 
functionally  equivalent  and  their  suppressive  activity  is  due  to 
arginase  production 

Qualitative  differences  between  MSCs  of  BALB/c  and  STAT6-/~ 
mice  may  also  contribute  to  the  increased  anti-tumor  immunity  of 
STAT6-deficient  animals.  To  test  this  hypothesis,  BALB/c  and 
STAT6~/_  mice  were  inoculated  in  the  mammary  gland  with  4T1 
tumor  cells;  2 1  -28  days  later  splenocy tes  were  removed  and  MSCs 
were  purified  by  MACS  sorting  and  phenotyped  by  Ab  staining. 
To  minimize  differences  due  to  primary  tumor  load,  BALB/c  and 
STAT6-/~  donors  were  matched  for  primary  4T1  TD  at  the  time 
of  sacrifice  (8.96  ±  0.35  mm  and  9.01  ±  0.33  mm,  respectively). 
MACS-sorted  MSCs  from  both  BALB/c  and  STAT6_/_  mice 
were  >95%  pure  (Grl+CD1  lb+)  (Fig.  3 A)  and  had  the  morphol¬ 
ogy  of  immature  myeloid  cells  (Fig.  3 B).  Although  the  MSCs  from 
both  strains  arc  phenotypically  similar,  MSCs  from  STAT6-dc(i- 
cient  mice  express  more  CD16/CD32  and  CD80,  whereas  MSCs 
from  BALB/c  mice  express  more  CD1  lc,  DEC205,  and  CD8  (Fig. 
3 Q.  Therefore,  there  are  subtle  differences  between  the  MSCs  of 
tumor-bearing  BALB/c  and  STAT6-de(icicnt  mice. 

To  determine  whether  the  MSCs  of  BALB/c  and  STAT6-deficicnt 
mice  have  similar  immunosuppressive  activity,  equal  numbers  of 
MACS-sorted  Grl+CDllb+  cells  from  tumor-free,  nonsurgery,  or 
postsurgery  mice  were  cocultured  with  OVA  peptide-pulsed  spleno- 
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FIGURE  2.  STAT6-deficient  mice  have  less  metastatic  disease  than  do 
BALB/c  mice.  Mice  were  inoculated  with  4T1  tumor  as  indicated  in  Fig. 
1.  Lungs  were  harvested  from  the  nonsurgery  (A)  or  postsurgery  (B  and  C) 
groups,  and  the  number  of  metastatic  cells  was  quantified  using  the  clo¬ 
nogenic  assay.  Each  symbol  represents  the  number  of  metastatic  tumor 
cells  in  the  lungs  of  an  individual  mouse.  C,  MSC  levels  do  not  directly 
correlate  with  number  of  metastatic  cells.  Data  are  pooled  from  four  inde¬ 
pendent  experiments. 
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FIGURE  3.  MSCs  from  STAT6-delieicnl  and  BALB/c  mice  have  dif¬ 
ferent  phenotypes.  A,  Spleen  cells  from  BALB/c  and  STAT6-/~  nonsur¬ 
gery  mice  stained  with  Grl  and  CDllb  mAbs  before  and  after  MACS 
sorting.  B,  Wright-Giemsa-stained,  MACS-purified  Grl+CDllb+  cells 
(magnification  X630).  C,  MACS-sorted  MSCs  stained  with  the  indicated 
mAbs.  CD3  represents  the  staining  by  CD4,  CD  14,  CD23,  CD31,  and 
CD34  mAbs.  Gray  and  black  peaks  are  the  isotype  control  and  Ag-specific 
staining,  respectively.  Data  are  from  one  of  two  independent  experiments. 


cytes  from  DOl  1.10  transgenic  mice,  and  T  cell  proliferation  was 
measured  by  [3H]fhyntidine  incorporation.  Grl1  CDllb1  cells 
from  all  three  groups  and  from  both  strains  are  highly  suppressive, 
whereas  control  J774  cells  do  not  suppress  (Fig.  4 A).  Purified 
MSCs  similarly  inhibit  HA-speciflc  CD8  1  T  cells  and  HEL-spe- 
cific  allogeneic  CD4  1  T  cells  (Fig.  4B).  Culture  supernatants  were 
also  assayed  for  IL-2  activity.  In  the  presence  of  MSCs,  IL-2  levels 
were  reduced  ~50%;  however,  IL-2  levels  rebounded  completely 
when  the  arginase  inhibitor  nor-NOHA  was  added  (data  not 
shown).  Therefore,  the  suppressive  capacity  of  Grl  1  CD1  lb+  cells 
on  a  per  cell  basis  is  similar  in  BALB/c  and  STAT6-deficient  mice, 
is  independent  of  whether  tumor  is  present,  involves  a  reduction  in 
IL-2  production,  and  is  not  MHC-,  CD4-,  or  CD8-restricted. 

To  determine  whether  differences  in  anti-tumor  immunity  be¬ 
tween  BALB/c  and  STAT6~/_  mice  could  be  due  to  differential 
expression  of  ROS,  as  suggested  by  Kusmartsev  et  al.  (31), 
MACS-purified  Grl  +CD1  lb+  MSCs  from  tumor-free  and  nonsur¬ 
gery  mice  were  treated  with  DCFDA  or  DHE  and  were  analyzed 
by  flow  cytometry.  DCFDA  is  oxidized  by  hydrogen  peroxide 
(H202),  hydroxyl  radical  (OF!-),  peroxynitrile  (ONOO~),  or  su¬ 
peroxide  to  yield  a  fluorescent  compound,  and  thus  measures  ROS. 
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FIGURE  4.  MSCs  suppress  Ag-specilic  CD4+  and  CD8+  T  cell  prolif¬ 
eration  and  are  not  MHC  restricted.  A,  DO  11.10  transgenic  splenocytes 
were  stimulated  with  OVA333_339  peptide  in  the  presence  or  absence  of 
MACS-sorted  Grl  '  CD1  lb'  MSCs  from  tumor-free,  nonsurgery,  or  post¬ 
surgery  STAT6-deficient  or  BALB/c  mice,  or  with  control  J774  cells.  B, 
DO  11.10,  clone  4,  or  3A9  transgenic  splenocytes  were  stimulated  with 
OVA323_339  or  HA518_526  peptide  or  HEL  protein,  respectively,  in  the  pres¬ 
ence  of  nonsurgery  BALB/c  MSCs.  MSCs  from  two  to  three  mice  were 
pooled  for  each  group.  Data  are  from  one  of  two  independent  experiments. 


Likewise,  DHE  is  oxidized  by  superoxide  to  a  fluorescent  species. 
MSCs  from  nonsurgery  BALB/c  (Fig.  5A)  and  STAT6-deficient 
(Fig.  5 B)  mice  contain  more  ROS  than  do  MSCs  from  tumor-free 
mice.  Neither  MSC  population  stains  with  DHE  (data  not  shown), 
indicating  that  the  MSCs  do  not  make  superoxide.  To  determine 
whether  arginase  is  required  for  ROS  production,  MSCs  from  non¬ 
surgery  mice  were  treated  with  the  arginase  inhibitor  nor-NOHA 
before  staining  with  DCFDA.  Nor-NOHA  blocks  the  production  of 
ROS  from  MSCs  of  BALB/c  nonsurgery  mice,  but  has  no  effect  on 
ROS  expression  by  MSCs  from  nonsurgery  STAT6_/~  mice.  In 
addition,  STAT6_/~  MSCs  have  a  high  baseline  level  of  ROS  in 
tumor-free  mice,  so  there  is  only  a  2-fold  increase  in  ROS  in  MSCs 
from  tumor-free  vs  nonsurgery  STAT6_/_  MSCs,  whereas  there  is 
an  8-fold  increase  in  BALB/c  MSCs.  Therefore,  MSCs  from  tu¬ 
mor-free  BALB/c  and  STAT6-deficient  mice  contain  different 
baseline  levels  of  ROS,  whereas  ROS  levels  are  comparable  in 
nonsurgery  mice;  however,  the  ROS  produced  by  BALB/c  mice 
are  arginase  dependent,  whereas  the  ROS  produced  by  STAT6- 
deficient  MSCs  are  arginase  independent. 

Bronte  et  al.  (26,  32)  have  shown  that  MSC  activity  is  dependent 
on  arginase  and/or  inducible  NO  synthase  (iNOS).  To  determine 
whether  MSCs  from  nonsurgery  mice  differ  because  of  selective 
expression  of  arginase  and/or  iNOS,  OVA  peptide-pulsed  spleno¬ 
cytes  from  DOl  1.10  transgenic  mice  were  cocultured  with  MSCs 
in  the  presence  or  absence  of  inhibitors  of  arginase  or  iNOS. 
BALB/c  and  STAT6~/_  MSCs  inhibit  DOl  1.10  proliferation,  and 
this  inhibition  is  reversed  by  the  arginase  inhibitors  norvalin  and 
nor-NOHA,  but  not  by  the  iNOS  inhibitor  l-NMMA  (Fig.  6A). 
Similar  inhibition  was  seen  for  clone  4  CD8+  T  cells  and  for 
allogeneic  3A9  CD4+  T  cells  (data  not  shown).  To  determine 
whether  suppression  requires  cell  contact,  peptide-pulsed  DOl  1.10 
cells  were  cocultured  with  MSCs  contained  in  transwell  chambers. 
Proliferation  of  DOl  1.10  cells  separated  from  MSCs  by  a  semi- 
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FIGURE  5.  MSCs  from  tumor-bearing  BALB/c  and  STAT6-deficient 
mice  produce  ROS;  however,  ROS  production  is  arginase  dependent  in 
BALB/c  mice  and  arginase  independent  in  STATfi-deficient  mice.  MACS- 
purifted  MSCs  from  tumor-free  or  nonsurgery  BALB/c  (A)  or  STAT6- 
deficient  (B)  mice  were  incubated  with  DCFDA  in  the  presence  or  absence 
of  the  arginase  inhibitor  nor-NOHA.  Data  are  from  one  of  two  independent 
experiments. 


permeable  membrane  was  not  inhibited,  indicating  that  MSCs 
must  directly  contact  the  target  cells  they  are  suppressing  (Fig. 
6 B).  Therefore,  in  agreement  with  earlier  studies  with  other  tumors 
(33),  4T1 -induced  MSCs  suppress  via  a  contact-dependent  mech¬ 
anism  involving  arginase 

Reduction  of  MSC  levels  and  decrease  in  metastatic  disease  in 
STAT6~'~  mice  is  IFN-y  dependent 

Previous  studies  established  that  resistance  to  the  4T1  tumor  in 
STAT6-deficient  mice  requires  IFN-y  because  STAT6_/~IFN- 
y~'~  mice  were  just  as  susceptible  to  metastatic  disease  as  were 
BALB/c  mice  (9).  If  tumor  resistance  in  postsurgery  STAT6_/~ 
mice  is  dependent  on  the  rapid  decrease  in  MSCs  and  if  IFN-y  is 
involved  in  that  decrease,  then  postsurgery  STAT6~/-IFN-y-/~ 
mice  should  have  relatively  high  levels  of  MSCs.  To  test  this  hy¬ 
pothesis,  STAT6_/_IFN-y_/_  mice  were  inoculated  with  4T1  on 
day  1,  and  tumors  were  either  left  in  place  (nonsurgery  group)  or 
they  were  removed  21-28  days  later  (postsurgery  group).  Nine  to 
1 1  days  after  the  surgery  date,  all  mice  were  sacrificed,  their 
splenocytes  were  stained  for  Grl  and  CD1  lb,  and  their  lungs  were 
assayed  by  the  clonogenic  assay  for  metastatic  4T1  cells.  The  non¬ 
surgery  and  postsurgery  groups  were  matched  for  primary  TD  on 
the  day  of  surgery  (nonsurgery:  6  ±  2.02  mm;  postsurgery:  6.22  ± 
1.74  mm).  There  is  a  modest  decrease  in  MSCs  in  postsurgery 
STAT6-/~IFN-y~/_  mice  (Fig.  7A);  however,  the  decrease  is 
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FIGURE  6.  MSC-induced  suppression  of  Ag-spccific  T  cells  is  arginase 
dependent  and  cell  contact  dependent.  A,  DOl  1.10  transgenic  splenocytes 
were  cocultured  with  OVA323_339  peptide  in  the  presence  or  absence  of 
MSCs  from  nonsurgery  mice  or  with  control  J774  cells  in  the  presence  or 
absence  of  the  iNOS  inhibitor  l-NMMA,  or  with  the  arginase  inhibitors 
nor-NOHA  or  norvalin.  8,  MSCs  were  contained  in  a  transwell  chamber  or 
directly  mixed  with  DOl  1.10  T  cells  plus  peptide.  Data  are  from  one  of 
three  to  five  independent  experiments. 


comparable  to  that  seen  in  tumor-susceptible  B ALB/c  mice  (14% 
and  21%  have  <8%  MSCs,  respectively;  see  Fig.  1/1  for  BALB/c 
data)  and  does  not  approach  the  larger  decrease  seen  in  STAT6~'~ 
mice,  in  which  67%  of  mice  have  <8%  MSCs  (see  Fig.  IB  for 
STAT6~/_  data).  The  average  MSC  levels  between  the  STAT6_/~ 
IFN-y~/_  and  STAT6~/_  postsurgery  groups  are  also  statistically 
significantly  different  (STAT6_/~IFN-y~/_:  14.8  ±  5.6; 

STAT6-/~:  7  ±  1.9;  p  <  0.01).  In  contrast,  the  average  MSC 
levels  between  postsurgery  STAT6-/-IFN-y~/-  and  BALB/c 
mice  are  not  significantly  different  (STAT6-/-IFN-y-/~:  14.8  ± 
5.6;  BALB/c:  12  ±  2.5).  In  agreement  with  the  high  MSC  count, 
the  number  of  metastatic  cells  in  the  STAT6_/"IFN-y-/_  mice  is 
also  significantly  ( p  =  0.05)  elevated  (Fig.  IB)  compared  with 
STAT6~/_  postsurgery  mice.  However,  there  is  no  direct  correla¬ 
tion  between  number  of  metastatic  cells  and  percent  MSCs  (data 
not  shown).  Therefore,  resistance  to  metastatic  disease  in 
STAT6-/~  mice  requires  IFN-y,  and  IFN-y  is  essential  for  the 
rapid  decrease  in  MSCs  after  surgery. 

STAT6~/-  macrophages  produce  high  levels  of  iNOS,  are 
cytotoxic  for  4T1  tumor  cells,  and  do  not  produce  arginase 

In  addition  to  cytotoxic  CD8+  T  cells,  macrophages  can  have  tu- 
moricidal  activity.  Type  1  macrophages  (Ml  macrophages),  which 
make  iNOS  and  do  not  make  arginase,  are  particularly  tumoricidal, 
whereas  M2  macrophages,  which  make  arginase  and  do  not  make 
iNOS,  are  not  tumoricidal  (34-36).  Previous  studies  indicated  that 
phagocytic  cells  are  an  important  component  of  immune  surveil¬ 
lance  against  the  4T1  tumor  (21),  suggesting  that  macrophages 
may  be  involved  in  the  enhanced  immunity  of  STAT6-deficient 
mice.  To  determine  whether  macrophages  are  involved  in  the 
heightened  immunity  in  STAT6-deficient  mice,  BMDMs  were  pre¬ 
pared  from  tumor-free,  nonsurgery,  and  postsurgery  BALB/c  and 
STAT6_/_  mice  and  were  tested  in  vitro  for  arginase  and  iNOS 
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FIGURE  7.  Regression  of  MSCs  and  metastatic  disease  in  STAT6-de- 
ficient  mice  is  IFN-y  dependent.  STAT6_/_IFN-y_/"  mice  were  inocu¬ 
lated  with  4T 1  tumor  as  described  in  Fig.  I  .A,  Percent  splenic  MSCs  is  the 
percent  of  splenocytes  that  stained  GrI  +CD1  lb+  on  approximately  day  38 
after  tumor  inoculation.  Dotted  line  indicates  the  level  of  MSCs  in  tumor- 
free  mice.  MSCs  in  the  postsurgery  STAT6_/_IFN-y_/_  group  are  signif¬ 
icantly  higher  than  in  the  postsurgery  STAT6-/~  group  (p  s  0.01),  but 
they  are  not  significantly  different  from  the  postsurgery  BALB/c  group  (see 
Fig.  1A  for  BALB/c  data).  8,  Lungs  from  the  mice  in  A  were  harvested  on 
approximately  day  38  and  were  assayed  by  the  clonogenic  assay  for  the 
number  of  metastatic  tumor  cells.  Each  symbol  represents  an  individual 
mouse.  Numbers  in  parentheses  indicate  the  number  of  mice  in  each  group. 
Data  are  pooled  from  two  independent  experiments. 


production  and  for  cytotoxicity  against  4T1  tumor  cells.  The  non¬ 
surgery  and  postsurgery  groups  were  matched  for  primary  TD  at 
the  time  of  surgery  (BALB/c  nonsurgery,  7.75  ±  0.8  mm  vs  post¬ 
surgery,  8.08  ±  0.8  mm;  STAT6~/_  nonsurgery,  7.46  ±  0.59  mm 
vs  postsurgery,  7.6  ±  0.41  mm).  Both  activated  and  nonactivated 
BALB/c  macrophages  from  nonsurgery  and  postsurgery  mice  syn¬ 
thesize  arginase,  as  measured  by  urea  production,  whereas 
STAT6~/_  macrophages,  regardless  of  activation  state,  do  not  pro¬ 
duce  arginase  (Fig.  8A).  Nonactivated  macrophages  from  both 
strains  do  not  produce  iNOS,  as  measured  by  NO  production. 
iNOS  production  by  BALB/c  macrophages  decreases  with  tumor 
progression,  whereas  STAT6-deficient  macrophages  maintain  high 
iNOS  production  regardless  of  the  presence  of  primary  tumor  or 
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FIGURE  8.  STAT6-deficient  mice  make  Ml  BMDMs,  which  produce 
NO  and  are  tumoricidal.  whereas  BALB/c  mice  make  M2  BMDMs,  which 
produce  arginase  and  are  not  tumoricidal.  BMDMs  from  tumor-free,  non¬ 
surgery,  or  postsurgery  mice  were  not  activated  or  activated  with  IFN-y 
and  LPS  and  were  assayed  for  urea  production  (A)  as  a  measure  of  arginase 
content  or  for  NO  production  (8)  as  a  measure  of  iNOS.  C  and  D,  BMDMs 
were  cocultured  with  4T1  target  cells  and  percent  cytotoxicity  was  deter¬ 
mined.  Data  are  from  one  of  two  independent  experiments. 
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metastatic  disease  (Fig.  8B).  Activated  STAT6_/_  macrophages 
are  also  more  tumoricidal  for  4T1  cells  compared  with  activated 
BALB/c  macrophages  (Fig.  8 Q,  and  the  cytotoxic  activity  is  iNOS 
dependent  (Fig.  8/D).  Collectively,  these  data  indicate  that  BALB/c 
mice  make  an  M2  macrophage  response  that  is  ineffective  in  de¬ 
stroying  4T1  tumor,  whereas  STAT6-dcficient  mice  make  an  Ml 
macrophage  response  that  kills  4T1  tumor  cells. 

Depletion  of  macrophages  reduces  survival 

To  determine  whether  macrophages  are  critical  for  increased  sur¬ 
vival  of  STAT6-deficient  mice,  STAT6_/_  mice  were  either  un¬ 
treated  or  depleted  of  phagocytic  cells  by  carrageenan  treatment, 
inoculated  with  4T1  tumor,  had  primary  tumors  removed,  and 
were  followed  for  survival.  As  shown  in  Table  I,  only  45%  of 
carrageenan-treated  mice  survived,  whereas  75%  of  nontreated 
mice  survived.  The  macrophage-depleted  mice  that  died  also  died 
more  rapidly  (37  ±  14  vs  47  ±  21  days  for  the  carrageenan-treated 
vs  nontreated  groups,  respectively);  however,  these  values  were 
not  statistically  signficantly  different.  Before  surgery,  the  two 
groups  were  also  followed  for  primary  tumor  growth.  Sixty-three 
percent  and  29%  of  carrageenan-treated  and  untreated  mice,  re¬ 
spectively,  had  rapidly  progressing  primary  tumors.  Therefore, 
macrophages  are  essential  for  survival  and  for  enhanced  immunity 
to  primary  and  metastatic  disease  in  STAT6-dcficicnt  mice. 

To  determine  whether  reduction  in  MSCs  is  sufficient  for  tumor 
rejection,  postsurgery  BALB/c  mice  were  implanted  with  pellets 
containing  ATRA,  which  has  been  shown  to  reduce  MSC  levels 
(28).  Although  MSC  levels  were  reduced  to  baseline  in  50%  of  the 
postsurgery  BALB/c  mice  implanted  with  the  ATRA  pellets,  met¬ 
astatic  tumor  levels  in  these  mice  remained  high  (data  not  shown). 
Therefore,  reduction  in  MSC  levels  in  the  absence  of  cytotoxic 
macrophages  is  not  sufficient  for  metastasis  rejection. 

Discussion 

Global  deletion  of  the  STAT6  gene  provides  potent  immunity/ 
immunosurveillance  to  a  variety  of  tumors  (8,  10,  11).  The  en¬ 
hanced  immunity  is  particularly  impressive  against  metastatic  dis¬ 
ease  in  that  60-80%  of  mice  whose  primary  mammary  tumors  are 
removed  reject  their  established  metastases  and  survive  indefi¬ 
nitely.  In  contrast,  <5%  of  STAT6-competent  BALB/c  mice  sur¬ 
vive  (9).  Previous  studies  established  that  CD8+  T  cells  are  critical 
for  immunity  (8).  The  current  study  identifies  two  additional  cell 
populations  that  are  also  involved:  1)  immunosuppressive  MSCs, 
which  rapidly  and  irreversibly  decrease  to  background  levels  after 
surgical  removal  of  primary  tumor,  and  2)  tumoricidal  Ml -type 
macrophages  that  produce  NO  and  do  not  produce  arginase. 

Fig.  9  shows  a  model  of  how  these  effectors  and  inhibitors  may 
interact  to  mediate  tumor  regression  vs  tumor  progression.  In  both 
STAT6-compctcnt  and  STAT6-dcficicnt  mice,  4T1  cells  of  the  pri- 


Table  I.  Macrophage-depleted  ST AT6-deficient  mice  have  decreased 
survival “ 


Percentage  of  Mice  with  Rapid 

Treatment 

Percent  Survival 

Primary  Tumor  Growth 

None 

75%  (9/12) 

29%  (4/14) 

Carrageenan 

45%  (5/11) 

63%  (10/16) 

"  STAT6-(le!icient  mice  were  inoculated  in  the  abdominal  mammary  gland  with 
7000  4TI  cells  on  day  0,  primary  tumors  were  removed  3-4  wk  later,  and  mice  were 
followed  for  73  days.  Macrophages  were  depleted  by  inoculation  of  1  mg/mouse 
carrageenan  on  days  —6,  —4,  and  every  14  days  thereafter  for  the  duration  of  the 
experiment.  Rapid  primary  tumor  growth  is  defined  as  tumors  that  are  >4  mm  in 
diameter  by  days  25-30. 


MSCs  AND  Ml  MACROPHAGES  IN  METASTATIC  DISEASE 


FIGURE  9.  Proposed  model  for  tumor  resistance  of  STAT6-deficient 
mice.  Resistance  to  metastatic  disease  in  postsurgery  STAT6-deficient 
mice  requires  the  regression  of  MSCs  and  the  presence  of  Ml  macrophages 
and  activated  T  cells.  See  details  for  a  Discussion  of  the  roles  of  NO, 
arginase,  MSCs,  macrophages,  and  T  cells. 


mary  tumor  secrete  cytokines  (IL-6,  TGF/3,  GM-CSF,  and  VEGF) 
that  stimulate  the  accumulation  of  MSCs.  MSCs  are  thought  to 
inhibit  T  cell  function  by  secreting  arginase,  which  depletes  l- 
arginine,  causing  a  loss  of  CD3f  chain  expression  (37-39).  There¬ 
fore,  the  high  levels  of  arginase-producing  MSCs  block  activation 
of  tumor-reactive  CD4'1  and  CD8+  T  cells,  which  would  normally 
be  activated  to  tumor  Ags  by  cross-presentation  by  professional 
APCs.  In  the  absence  of  functional  CD4+  T  cells,  potent  tumor- 
specific  CDS'*  T  cells  are  not  generated  and  tumor  growth 
progresses.  However,  after  removal  of  4T1  primary  tumor  from 
STAT6-deficient  mice,  MSC  levels  decrease  to  baseline,  allowing 
tumor-specific  CD4  1  and  CD8  1  T  cells  to  be  activated.  In  contrast, 
MSC  levels  in  postsurgery  STAT6-competent  mice  do  not  return 
to  baseline,  so  T  cells  remain  suppressed.  In  addition,  macrophages 
of  STAT6-deficient  mice  are  tumoricidal  because  they  make  NO, 
whereas  BALB/c  macrophages  are  not  cytotoxic  and  make  argi¬ 
nase,  which  supports  tumor  growth  (35).  Therefore,  complete  re¬ 
jection  of  metastatic  disease  and  survival  of  STAT6-deficient  mice 
requires  the  reduction  in  MSC  levels,  coupled  with  the  presence  of 
NO-secreting  macrophages  and  tumor-specific  T  cells.  This  model 
is  consistent  with  the  results  presented  in  this  report,  as  well  as 
with  earlier  studies  demonstrating  a  requirement  for  CD8  1  T  cells 
(8)  and  phagocytic  cells  (21). 

Previous  studies  in  patients  have  demonstrated  that  MSCs  de¬ 
crease  after  surgical  removal  of  tumor,  presumably  due  to  the  re¬ 
duction  of  tumor  cells  secreting  factors  that  mediate  MSC  accu¬ 
mulation  (reviewed  in  Refs.  7  and  30).  The  rapid  decrease  of 
MSCs  in  postsurgery  STAT6-deficient  mice  identified  in  the  cur¬ 
rent  study  demonstrates  that  MSC  levels  after  surgery  are  not  ex¬ 
clusively  regulated  by  tumor  burden.  In  agreement  with  others,  our 
working  hypothesis  is  that  MSC  regression  is  regulated  by  a  ligand 
that  binds  to  a  receptor  on  the  MSCs  and  causes  them  to  accumu¬ 
late  or  regress.  Because  STAT6  deficiency  favors  rapid  regression 
to  baseline  levels,  the  relevant  ligand  must  signal  through  STAT6. 
Although  others  have  proposed  that  the  IL-4Ra  regulates  MSC 
levels  (10,  12,  26),  this  receptor  is  not  relevant  in  the  4T1  system 
because  IL-4Ra  knockout  mice  have  the  same  levels  of  MSCs  as 
do  wild-type  mice  (P.  Sinha  and  S.  Ostrand-Rosenberg.  unpub¬ 
lished  observations).  Therefore,  an  alternative  receptor  on  4T1- 
induced  MSCs  that  signals  through  STAT6  must  mediate  the  re¬ 
gression  to  baseline  in  postsurgery  mice. 
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Macrophages  are  a  heterogenous  population  of  cells  whose  phe¬ 
notype,  characteristics,  and  functions  are  determined  by  the  cyto¬ 
kine  milieu  in  which  they  reside.  Ml  macrophages  produce  NO 
and  reduce  tumor  growth,  whereas  M2  macrophages  produce  ar- 
ginase  and  facilitate  tumor  progression  (34-36).  In  activated  mac¬ 
rophages,  iNOS  converts  arginine  and  oxygen  to  citrulline  and 
NO.  If  arginine  is  not  available,  NO  is  not  produced.  In  M2  mac¬ 
rophages,  where  arginase  production  is  high,  the  arginine  pool  is 
depleted,  resulting  in  low  levels  of  iNOS  and  minimal  NO  pro¬ 
duction  (32,  40).  Because  the  production  of  arginase  requires  IL-4 
and  IL-13  signaling  through  the  JAK3/STAT6  pathway  (19,  41), 
STAT6-deficient  mice  should  not  produce  arginase  and  hence 
should  not  make  M2  macrophages.  Our  finding  that  macrophages 
from  STAT6-deficient  mice  are  strongly  polarized  toward  an  Ml 
phenotype  is  consistent  with  the  role  of  STAT6  in  regulating  ar¬ 
ginase  production  and  suggests  that,  in  the  absence  of  arginase, 
activated  macrophages  default  toward  a  tumoricidal  Ml  pheno¬ 
type.  Because  signaling  by  IL-4,  presumably  through  the  IL-4Ra 
and  the  JAK-STAT  pathway,  is  thought  to  be  essential  for  the 
production  of  arginase  (35,  42),  the  preferential  generation  of  Ml 
macrophages  by  STAT6-deficient  mice  is  entirely  consistent  with 
the  deletion  of  the  STAT6  gene. 

In  addition  to  its  ability  to  mediate  cytotoxicity,  NO  is  also 
important  in  CD8+  T  cell  differentiation.  Decreased  NO  levels  due 
to  depletion  of  arginine  by  arginase  have  been  associated  with 
CD3£  chain  deficiencies  and  defects  in  CD8+  T  lymphocytes  (39, 
43).  Because  NO  preferentially  induces  type  1  T  cell  differentia¬ 
tion  (44,  45),  CD8+  T  cells  of  STAT6-deficicnl  mice  may  be  more 
efficacious  because  STAT6-/~  macrophages  are  polarized  toward 
NO  production.  This  scenario  is  consistent  with  earlier  observa¬ 
tions  that  STAT6-deficient  mice  have  4Tl-specific  cytotoxic 
CD8  +  T  cells,  whereas  STAT6-competent  mice  do  not  (8).  Given 
the  multiple  inhibitory  effects  of  arginase,  strategies  that  specifi¬ 
cally  block  or  degrade  arginase  in  macrophages  may  be  novel  and 
useful  cancer  immunotherapy  approaches. 

NO  production  by  activated  macrophages  has  also  been  shown 
to  stimulate  differentiation  of  MSCs  to  normal  myeloid-derived 
cells  (46,  47).  We  find  a  direct  correlation  between  elevated  levels 
of  NO-producing  macrophages  and  decreased  MSC  levels  in 
STAT6-deficient  mice,  suggesting  that  NO-producing  macro¬ 
phages  may  also  enhance  immunity  by  reducing  MSC  levels. 

Arginase  production  by  MSCs  is  thought  to  be  triggered  by  IL-4 
and/or  IL-13  binding  to  the  cell’s  IL-4Ra,  followed  by  signaling 
through  the  JAK3/STAT6  pathway  (19,  26,  32).  Our  finding  that 
MSCs  from  STAT6-deficient  and  STAT6-competent  mice  make 
comparable  levels  of  arginase  suggests  that  there  is  an  additional 
mechanism  for  induction  of  arginase  by  MSCs  that  is  independent 
of  the  IL-4Ra  JAK3/STAT6  pathway.  This  hypothesis  is  sup¬ 
ported  by  our  observation  that  MSCs  from  IL-4R-deficient  mice 
also  suppress  via  the  production  of  arginase  (P.S.  and  S.O.-R., 
unpublished  observations). 

Myeloid-derived  cells  with  suppressor  activity  have  been  re¬ 
ported  in  many  tumor  systems  in  both  experimental  animals  and 
patients  (7,  30,  48).  Although  these  cells  have  the  common  feature 
of  suppressing  T  cells,  there  are  significant  differences  in  their 
phenotype  and  function.  Bronte  et  al.  (26)  describe  MSCs  that 
express  MHC  class  II,  B220,  F4/80,  CD86,  CD  16/32,  and 
DEC205,  whereas  Gabrilovich  et  al.  (33)  report  the  expression  of 
MHC  class  I  and  the  absence  of  MHC  class  II  and  costimulatory 
molecules.  Not  only  do  the  MSCs  described  in  this  report  differ 
between  BALB/c  and  STAT6-deficient  mice,  but  they  also  differ 
from  these  previously  described  MSCs  with  respect  to  their  cell 
surface  markers.  The  4T1 -induced  STAT6-deficient  and  BALB/c 
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MSCs  also  differ  in  the  mechanism  by  which  they  generate  ROS. 
Although  ROS  production  by  4T1 -induced  MSCs  from  BALB/c 
mice  is  arginase  dependent  in  agreement  with  Kusmartsev  et  al. 
(31),  ROS  production  by  STAT6~/_  MSCs  is  arginase  indepen¬ 
dent,  suggesting  that  there  are  multiple  pathways  for  stimulating 
ROS  biosynthesis  in  MSCs. 

MSCs  are  also  heterogeneous  with  respect  to  function.  Some 
MSCs  inhibit  MHC  class  I-restricted  CD8+  T  cells  and  have  no 
effect  on  CD4  '  T  cells  (33,  49,  50),  whereas  others  inhibit  CD4+ 
T  cells  (51).  The  MSCs  reported  here  inhibit  both  CD4+  and 
CD8+  T  cells.  Kusmartsev  et  al.  (31)  report  that  Grl+CDllbH 
splenic  cells  from  tumor-free  mice  are  not  suppressive,  whereas 
the  splenic  Grl  +CD1  lb+  cells  from  tumor-free  mice  in  this  report 
are  as  suppressive  on  a  per  cell  basis  as  are  Grl+CDllb+  cells 
from  tumor-bearing  mice. 

The  role  of  IFN-y  in  suppressor  cell  development/activity  is  also 
variable.  In  the  MSCs  described  by  Mazzoni  et  al.  (51),  IFN-y 
enhances  MSC  suppressive  activity  by  inducing  production  of  NO 
from  MSCs.  Kusmartsev  and  Gabrilovich  (30)  find  that  IFN-y  in¬ 
creases  the  production  of  reactive  oxygen  intermediates  by  MSCs, 
which  in  turn  decreases  the  net  amount  of  IFN-y  by  down-regu¬ 
lating  IFN-y  production  by  CD4+  and  CD8+  T  cells.  Because 
IFN-y  is  critical  for  effective  anti-tumor  immunity  (52),  these  au¬ 
thors  conclude  that  this  net  decrease  in  IFN-y  is  one  of  the  mech¬ 
anisms  by  which  MSCs  mediate  immune  suppression.  In  the  4T1 
system  described  in  this  report,  IFN-y  is  essential  for  the  postsur¬ 
gery  decrease  in  MSCs  in  STAT6-/"  mice,  supporting  the  concept 
that  MSC  function  is  IFN-y  dependent. 

Different  mechanisms  of  suppression  have  also  been  postulated. 
Suppression  is  most  frequently  attributed  to  overexpression  of  ar¬ 
ginase  and  the  resulting  loss  of  NO  production  (26,  31,  51),  al¬ 
though  it  has  also  been  ascribed  to  TGF/3  production  (12).  The 
MSCs  of  this  report  do  not  produce  TGF/3  (data  not  shown)  and 
their  suppressive  activity  is  blocked  by  inhibitors  of  arginase.  4T1- 
induced  MSCs  also  differ  from  other  described  suppressor  cell 
populations  in  that  they  express  B220  in  addition  to  Gr-1  and 
CD1  lb.  This  phenotype  is  characteristic  of  plasmacytoid  dendritic 
cells,  which  are  also  immunosuppressive  (53).  These  variations  in 
Grl+CDllb+  MSCs  suggest  that  there  are  multiple  subpopula¬ 
tions  of  MSCs.  Not  only  do  the  various  subpopulations  differ  in 
their  phenotype  and  characteristics,  but  they  also  suppress  different 
target  cells.  Although  it  is  unclear  why  there  is  such  variation,  it  is 
likely  that  the  variation  is  due  to  differential  cytokine  production 
by  the  various  tumors  and  the  interaction  of  these  cytokines  with 
the  host. 

Jensen  et  al.  (54)  have  suggested  that  enhanced  immunity  in 
STAT6~/_  mice  is  due  to  CD8+  T  cell  reactivity  against  tumor- 
expressed  STAT6  protein,  and  they  report  rejection  of  primary  4T1 
tumors  by  STAT6-deficient  mice.  In  contrast,  we  find  that,  al¬ 
though  4T1  primary  tumor  growth  is  slightly  delayed  in  STAT6- 
deficient  mice,  all  mice  die  (8),  indicating  that  immunity  in  the 
presence  of  primary  tumor  is  only  modestly  effective,  presumably 
due  to  the  presence  of  high  levels  of  MSCs.  We  also  find  height¬ 
ened  immunity  in  STAT6-deficient  mice  against  STAT6-negative 
tumors  because  STAT6_/~NeuT+/~  mice,  which  spontaneously 
develop  STAT6~/_  mammary  tumors,  have  significantly  extended 
survival  times  relative  to  STAT6+/+NeuT+/~  mice  (55).  We  also 
do  not  find  evidence  for  CD8 '  T  cell  reactivity  against  STAT6 
protein  because  CTLs  from  4T1  immune  STAT6~/_  mice  are  not 
cytotoxic  for  H-2d  STAT6+  tumors  other  than  4T1  (V.K.C.  and 
S.O.-R.,  unpublished  observations).  Therefore,  heightened  immu¬ 
nity  in  STAT6-deficient  mice  is  not  due  to  tumor-expressed 
STAT6  protein. 
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Anti-tumor  immunity  is  a  careful  balance  between  the  presence 
of  anti-tumor  effector  mechanisms  such  as  CD4+  and  CD8^  T 
cells,  NK  cells,  and  tumoricidal  macrophages  and  counterproduc¬ 
tive  inhibitory  phenomena  such  as  MSCs  and  CD4+CD25+  T  reg¬ 
ulatory  cells.  Ultimately,  the  ability  to  exploit  the  immune  system 
to  control  tumor  growth  depends  on  tipping  the  balance  toward  the 
effector  mechanisms  and  away  from  the  inhibitory  mechanisms, 
and  deletion  of  the  STAT6  gene  achieves  this  polarization. 
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Abstract.  Metastatic  disease  is  the  principle  cause  of  death  for  most  patients  with  breast  cancer.  Conventional  therapies  including 
radiation  therapy  and  chemotherapy  are  largely  uneffective  against  metastatic  disease.  It  is  now  generally  appreciated  that  the 
immune  system  can  destroy  tumor  cells,  and  numerous  novel  immunotherapies  are  currently  under  development.  Many  of  these 
immunotherapies  are  dependent  on  activation  of  the  host’s  immune  system  so  the  success  of  a  cancer  vaccine  will  depend  on  the 
immune  status  of  the  patient.  Tolerance  to  tumor  antigens,  tumor-induced  immune  suppression,  and  the  presence  of  immunomod¬ 
ulatory  genes  that  block  the  development  of  tumor-specific  immunity  can  potentially  interfere  with  the  therapeutic  efficacy  of 
immune-based  therapies.  Studies  from  the  authors’  laboratory  demonstrate  that  although  mice  with  bulky  primary  mammary 
tumors  are  immunosuppressed  for  T  cell  and  antibody-mediated  immunity,  surgical  removal  of  the  primary  tumor  reverses  the 
suppression,  even  when  disseminated  metastatic  disease  is  present.  The  post-surgical  reversal  is  associated  with  a  large  decrease 
in  myeloid  suppressor  cells.  In  addition  to  tumor-induced  suppression,  two  genes,  the  Stat6  and  CD1  genes,  are  also  associated 
with  inhibiting  tumor-specific  immunity,  since  mice  deficient  for  these  genes  have  dramatically  enhanced  resistance  to  metastatic 
mammary  carcinoma.  Therefore,  optimal  delivery  of  immunotherapy  should  be  coordinated  with  methodology  that  decreases 
immune  suppression  and  eliminates  or  blocks  inhibitory  factors. 

Abbreviations:  DC:  Dendritic  cells;  HEL:  hen  eggwhite  lysozyme;  MSC:  Myeloid  suppressor  cells  (immature  dendritic  cells); 
VEGF:  Vascular  endothelial  growth  factor;  TGF-/T  Transforming  growth  factor  beta;  6-TG:  6-thioguanine  (4T1  cells  are 
6-TG-resistant,  and  hence  selectively  grow  in  medium  supplemented  with  6-TG) 


INTRODUCTION 

Most  deaths  from  breast  cancer  are  due  to  metastatic 
disease.  Immunotherapy  is  a  promising,  novel 
treatment  that  may  be  therapeutically  effective 

Of  the  approximately  41,000  women  per  year  who 
die  of  breast  cancer,  most  die  from  metastatic  dis- 
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ease  [1],  Although  improved  early  detection  may  in¬ 
crease  survival  because  primary  tumors  are  detected 
before  they  metastasize,  more  effective  therapies  are 
required  for  women  who  have  metastatic  disease  at 
the  time  of  diagnosis.  In  addition,  establishing  a 
state  of  “immunosurveillence”  in  patients  with  latent 
metastatic  breast  cancer  may  be  an  effective  method 
for  preventing  metastatic  disease  progression  years  af¬ 
ter  removal  of  a  primary  tumor.  Although  cancer  im¬ 
munotherapy  has  gone  through  multiple  cycles  of  re¬ 
spectability  during  the  past  100  years,  it  is  now  gen¬ 
erally  appreciated  that  the  immune  system  can  destroy 
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endogenous  tumor  cells  [2,3],  and  a  number  of  promis¬ 
ing  immunotherapies  are  currently  in  clinical  trials 
(http://clinicaltrials.gov/).  Indeed,  many  investigators 
now  feel  that  the  immune  system  is  particularly  well 
suited  to  destroy  disseminated  metastatic  tumor  cells, 
and  that  it  will  be  possible  to  harness  the  immune  sys¬ 
tem  as  an  effective  immunotherapy/immunoprevention 
agent  [4]. 

Before  immunotherapy  can  be  used  as  a  therapeu¬ 
tic  and/or  prophylactic  strategy,  there  are  several  issues 
that  must  be  addressed.  A  critical  factor  is  the  immune 
status  of  the  tumor-bearing  individual.  There  is  some 
evidence  demonstrating  that  tumor-bearing  individu¬ 
als  may  be  immune  suppressed.  Obviously,  immune 
suppression  could  severely  compromise  the  therapeutic 
and/or  prophylactic  success  of  immunotherapy.  This 
article  will  briefly  review  some  of  the  mechanisms  that 
lead  to  immune  suppression  in  tumor-bearing  individu¬ 
als,  and  then  review  some  of  the  studies  in  the  authors’ 
laboratory  that  address  these  issues  in  experimental  an¬ 
imals  with  metastatic  mammary  carcinoma. 

The  immune  status  of  the  tumor-bearing  host  is 
pivotal  for  effective  immunotherapy 

There  are  several  central  problems  that  impede  the 
clinical  development  of  immunotherapy.  A  likely  use 
of  immunotherapy  will  be  in  patients  whose  primary 
tumor  has  been  surgically  removed,  but  who  are  at  high 
risk  for  metastatic  disease.  In  this  setting,  a  cancer 
vaccine  or  other  immunotherapy  may  eliminate  pro¬ 
liferating  tumor  cells,  as  well  as  destroy  latent,  non¬ 
proliferating  metastatic  cells.  Since  immunotherapies 
work  by  activating  the  host’s  immune  response,  a  criti¬ 
cal  issue  is  the  immune  status  of  the  tumor-bearing  in¬ 
dividual  during  the  administration  of  immunotherapy. 
For  example,  if  post-surgery  patients  are  immunosup- 
pressed,  then  it  is  unlikely  that  immunotherapy  in  the 
post-surgery  setting  will  be  productive. 

Aside  from  the  immune  suppression  that  can  be  in¬ 
duced  by  some  chemotherapies  (reviewed  by  [5]),  there 
are  three  general  phenomena  that  account  for  much  of 
the  decreased  immune  competence  in  tumor-bearing 
individuals:  1)  Tolerance  to  antigens  expressed  by  tu¬ 
mor  cells;  2)  Immunosuppression  via  myeloid  suppres¬ 
sor  cells  or  immature  dendritic  cells;  and  3)  Skewing  of 
immunity  towards  a  non-productive  immune  response 
byCD4+CD25+  T  regulatory  cells. 


Immunocompetence  in  tumor-bearing  individuals  is 
modulated  by  tumor-induced  tolerance,  T  regulatory 
cells,  and/or  immunosuppressive  cells 

Although  some  investigators  argue  that  the  immune 
system  of  tumor-bearing  individuals  is  “ignorant”  of 
resident  tumors  [6,7],  most  investigators  concur  that 
tumor-bearing  individuals  are  actively  tolerized  or  an- 
ergized  to  their  tumor  antigens  [8—12].  Tolerance  typ¬ 
ically  occurs  when  tumor  antigens  are  over-expressed 
“self’  antigens  that  are  present  throughout  the  life  of 
the  individual.  However,  constitutive  expression  of  a 
tumor  antigen,  even  before  tumor  onset,  does  not  en¬ 
sure  full  tolerance.  For  example,  transgenic  mice  that 
spontaneously  develop  breast  cancer  because  they  con¬ 
tain  the  ErbB-2  (her2/neu)  gene  under  the  control  of 
a  constitutive  viral  promoter  display  varying  levels  of 
tolerance  to  her2/neu  protein  [13-1 8].  Despite  this  tol¬ 
erance,  experimental  immunotherapies  have  been  de¬ 
veloped  that  effectively  target  tolerized  tumor  antigens. 
For  example,  the  her2/neu  transgenics  can  be  induced 
to  develop  immunity  to  her2/neu  protein  which  results 
in  significant  delay  of  tumor  onset  [17,19].  Therefore, 
although  individuals  with  cancer  may  be  tolerant  to  the 
antigens  of  their  tumors,  some  immunotherapies  over¬ 
come  this  tolerance  and  result  in  effective  anti-tumor 
immunity. 

Modulation  of  the  immune  response  is  also  medi¬ 
ated  by  CD4+CD25+  T  regulatory  cells.  CD4+CD25+ 
T  regulatory  cells  suppress  the  activation  of  CD8  + 
T  cells  by  blocking  the  production  of  IL-2,  although 
the  precise  mechanism  by  which  they  block  is  un¬ 
known  [20].  These  cells  are  critical  for  preventing  au¬ 
toimmunity  [21,22];  however,  they  also  inhibit  anti¬ 
tumor  immunity  [23],  They  mediate  their  effects  at  the 
time  of  immunization,  so  if  CD4+CD25+  T  cells  are 
present  at  the  onset  of  tumor  growth,  they  may  block 
activation  of  CD8+  T  cells  [20,23].  Numerous  stud¬ 
ies  have  demonstrated  that  depletion  of  CD4+CD25+ 
T  cells  results  in  enhanced  CD8+-mediated  immunity 
against  primary,  solid,  s.c.  tumors.  Unfortunately,  im¬ 
munotherapy  involving  elimination  of  CD4+CD25+ 
T  regulatory  cells  can  be  accompanied  by  significant 
increases  in  autoimmunity  [24],  Therefore,  although 
anti-tumor  immunity  can  be  enhanced  by  deletion  of 
CD4+CD25+  T  regulatory  cells,  the  onset  of  autoim¬ 
munity  is  a  significant  side-effect  that  must  be  consid¬ 
ered. 

Another  mechanism  by  which  tumors  down-regulate 
anti-tumor  immunity  is  via  the  induction  of  myeloid 
suppressor  cells  (MSC)  or  immature  myeloid  cells 
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which  inhibit  the  activation  ofCD4+  and  CD8+  T  cells. 
MSC  were  originally  identified  in  patients  with  head 
and  neck  cancer  who  had  excessively  high  levels  of  im¬ 
mature  CD34+  dendritic  cells  (DC)  and  low  levels  of 
mature  DC  [25].  MSC  have  subsequently  been  found 
in  patients  with  many  other  types  of  cancers  (includ¬ 
ing  breast  cancer)  and  in  tumor-bearing  experimental 
animals  [26,27],  These  immature  DC  express  the  sur¬ 
face  markers  Grl  and  CD1  lb  [28,29],  and  are  induced 
by  vascular  endothelial  cell  growth  factor  (VEGF)  and 
transforming  growth  factor  beta  (TGF/5)  that  are  pro¬ 
duced  by  many  tumor  cells  [30,3 1].  They  suppress  ac¬ 
tivation  of  both  CD4+  and  CD8+  T  cells  [28,29,32], 
There  is  a  strong  correlation  between  MSC  and  immune 
suppression  in  both  patients  and  mice  with  tumors,  and 
investigators  have  concluded  that  MSC  may  interfere 
with  active  immunotherapy  strategies  [33], 

Tumor-induced  immune  suppression  is  reversed 
following  removal  of  primary  tumors,  despite  the 
presence  of  metastatic  disease 

Since  immunotherapy  is  likely  to  be  used  in  a  post¬ 
surgery  setting,  it  is  important  to  assess  if  removal  of 
primary  tumor  restores  the  tumor-bearing  individual’s 
ability  to  respond  to  immunological  stimuli.  Since 
many  breast  cancer  patients  may  have  established  or 
latent  metastatic  disease  after  resection  of  their  pri¬ 
mary  tumors,  we  have  determined  if  the  presence  of 
metastatic  lesions  affects  tumor-induced  immune  sup¬ 
pression.  In  the  following  sections  we  describe  our 
studies  examining  this  question  using  the  4T1  mouse 
mammary  carcinoma  model. 

Extensive  studies  in  this  laboratory  during  the 
past  eight  years  have  demonstrated  that  the  BALB/c- 
derived  4T1  mammary  tumor,  originally  derived  by  F. 
Miller  [34,35],  is  an  excellent  mouse  model  for  human 
breast  cancer  because  it  shares  many  common  features 
with  the  human  disease  [36-38].  For  example,  4T1  is 
virtually  non-immunogenic  and  highly  malignant.  As 
few  as  7000  cells  inoculated  into  the  abdominal  mam¬ 
mary  gland  give  rise  to  mammary  carcinomas  in  >95% 
of  inoculated  mice  [36].  Since  4T1  cells  are  resistant 
to  6-thioguanine  (6-TG),  body  organs  can  be  explanted 
into  medium  supplemented  with  6-TG  and  the  number 
of  clonogenic  tumor  cells  quantified  by  counting  6-TG- 
resistant  colonies  (clonogenic  assay)  [34,36].  Inocu¬ 
lation  of  7000  4T1  cells  into  the  abdominal  mammary 
gland  results  in  spontaneous  metastasis  to  the  lungs, 
liver,  blood,  lymph  nodes,  brain,  and  bone  marrow  [36, 
39]  Clements  and  Ostrand-Rosenberg,  unpublished]. 
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Fig.  1.  The  clonogenic  assay  for  quantifying  the  number  of  metastatic 
mammary  tumor  cells  in  distant  organs.  Target  organs  are  removed 
from  tumor-bearing  (non-surgery)  or  post-surgery  mice,  dissociated 
into  single  cell  suspensions,  and  cultured  in  growth  medium  contain¬ 
ing  6-  thioguanine.  Ten  to  14  days  later,  culture  plates  are  stained  and 
the  number  of  colonies  is  counted.  Since  4T1  tumor  cells  are  6-TG 
resistant  and  normal  tissue  cells  are  not,  the  number  of  colonies  is 
equal  to  the  number  of  metastatic  cells  in  the  organ. 


Furthermore,  metastatic  cells  proliferate  in  distant  or¬ 
gans  while  the  primary  tumor  is  in  place,  and  they  con¬ 
tinue  to  proliferate  when  the  primary  tumor  is  surgi¬ 
cally  removed,  resulting  in  death  of  >95%  of  inocu¬ 
lated  mice  [37,40-42].  Figure  1  is  a  schematic  diagram 
showing  how  the  clonogenic  assay  is  used  to  quantify 
the  number  of  metastatic  tumor  cells  in  distant  organs. 
Figure  2  shows  a  time  line  for  the  onset  of  metastatic 
disease,  surgery,  and  death,  based  on  experiments  with 
>200  BALB/c  mice  [38,40-42].  These  data  identify  a 
well-defined  2-3.5  week  “window"  after  surgery  and 
before  death  during  which  experiments  can  be  per¬ 
formed  assessing  the  immune  status  of  individual  mice. 

Immunosuppression  is  frequently  mediated  by  fac¬ 
tors  secreted  by  tumor  cells  [27,43],  and  tolerance  can 
be  regulated  by  quantity  of  tolerizing  antigen  [44,45]. 
Therefore,  after  removal  of  primary  tumor,  if  a  patient 
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Fig.  2.  Timeline  for  the  onset  and  progression  of  spontaneous 
metastatic  disease  in  mice  inoculated  with  the  transplantable  4T1 
mammary  carcinoma. 

has  active  or  latent  metastatic  disease,  there  is  the  po¬ 
tential  for  immune  suppression.  Since  immunotherapy 
is  a  potential  treatment  for  the  approximately  30%  per¬ 
cent  of  breast  cancer  patients  who  will  ultimately  die 
from  metastatic  disease  after  their  primary  tumors  are 
resected,  it  is  important  to  determine  if  disseminated 
metastatic  tumor  induces  immune  suppression  and/or 
tolerance. 

To  assess  immunosuppression  in  individuals  with 
metastatic  disease,  we  have  compared  antibody,  T  cell, 
macrophage  and  dendritic  cell  (DC)  function  in  mice 
without  tumor  (“tumor-free”),  with  a  primary  tumor  in 
place  (“non-surgery”),  or  with  a  primary  tumor  surgi¬ 
cally  removed  but  with  established  metastatic  disease 
(“post-surgery”).  4T1  tumor  is  inoculated  and  surgery 
was  performed  according  to  the  time  line  of  Fig.  1.  For 
antibody  responses,  nonsurgery  and  post-surgery  mice 
were  challenged  with  a  nominal  antigen  on  day  2-3  af¬ 
ter  surgery  and  bled  on  day  16-18  after  surgery  for  pri¬ 
mary  responses,  and  boosted  on  day  9  after  surgery  for 
secondary  antibody  responses.  Specific  antibody  pro¬ 
duction  was  uniformly  suppressed  in  the  non-surgery 
group,  but  post-surgery  mice  made  specific  antibodies 
at  the  same  level  as  tumorfree  mice  (Table  1).  Assays 
quantifying  the  number  of  metastatic  tumor  cells  in  the 
lungs  demonstrated  that  the  post-surgery  mice  had  es¬ 
tablished  metastatic  disease.  Similar  results  were  seen 
for  antigen-specific  T  cell  responses  in  which  tumor- 
free,  non-surgery,  and  post-surgery  mice  were  inocu¬ 
lated  with  a  nominal  antigen  and  T  cell  responses  as¬ 
sessed  five  days  later  (Table  1).  Therefore,  antigen- 
specific  T  can  B  cell  responses  are  dysfunctional  in 
tumor-bearing  individuals;  however,  immunocompe- 
tence  recovers  after  resection  of  the  primary  tumor  [46], 


Table  1 


Antibody  production  and  T  cell  responses  are  suppressed  in  tumor¬ 
bearing  mice,  but  revert  to  normal  levels  after  surgical  removal  of 
primary  tumor 


Mice 

Antibody  response 
(ng/ml)1 

T  cell  response 
(cpm)2 

Tumor-free 

47.8  ±  20.6 

12,859  ±  3,330 

Non-surgery 

21.3  ±13.2 

7490  ±  1944 

Post-surgery 

37.6  ±7.7 

11,469  ±2,374 

1Tumor-free,  non-surgery,  or  post-surgery  mice  were  immunized  and 
boosted  with  hen  eggwhite  lysozyme  (HEL)  on  days  0  and  7,  and 
serum  collected  on  day  1 4  and  assayed  by  ELISA  for  total  (lgG  plus 
IgM)  anti-HEL  antibodies. 

2Tumor-free,  non-surgery,  or  post-surgery  mice  were  immunized 
with  HEL  in  adjuvant  on  day  0  and  splenocytes  harvested  on  day  9 
and  co-cultured  for  6  days  with  HEL.  Cultures  were  pidsed  for  the 
last  18  hours  with  3H-thymidine. 

In  contrast,  macrophage  activity  as  measured  by 
lipopolysaccharide  activation,  and  dendritic  cell  anti¬ 
gen  presentation  as  measured  by  allogeneic  and  MHC 
class  II-restricted  antigen  presentation,  were  not  sup¬ 
pressed  in  4T1  non-surgery  or  4T1  post-surgery  mice. 
This  latter  result  was  somewhat  surprising  since  two 
previous  studies  have  described  suppressed  DC  func¬ 
tion  in  tumor-bearing  individuals  [47,48].  Collec¬ 
tively,  these  results  demonstrate  that  although  immune 
responses  of  tumor-bearing  individuals  are  globally 
suppressed,  ability  to  respond  to  antigen  is  restored 
by  removal  of  primary  tumor,  even  if  disseminated 
metastatic  disease  is  present  [46],  Therefore,  post¬ 
surgery  patients  with  or  without  metastatic  disease  are 
potential  candidates  for  immunotherapy. 

Although  there  is  a  significant  reduction  in  myeloid 
suppressor  cells  after  surgical  removal  of  primary 
tumor,  mice  still  die  from  metastatic  mammary 
carcinoma 

Because  MSC  effectively  inhibit  both  CD4+  and 
CD8+  T  lymphocytes,  reduction  in  immunocompe- 
tence  in  tumor-bearing  individuals  is  often  attributed  to 
increasing  levels  of  MSC.  To  determine  if  MSC  lev¬ 
els  are  altered  in  individuals  with  or  without  primary 
tumor  and  metastatic  disease,  we  monitored  splenic 
MSC  in  tumor-free,  non-surgery  tumor-bearing,  and 
post-surgery  BALB/c  mice  carrying  the  4T 1  mammary 
carcinoma.  Mice  were  inoculated  with  4T1  in  the  ab¬ 
dominal  mammary  gland  on  day  0  and  primary  tumors 
were  either  left  in  place  (non-surgery  group),  or  re¬ 
moved  approximately  21-28  days  later  (post-surgery 
group).  MSC  levels  were  measured  by  immunofluores¬ 
cence  staining  of  splenocytes  for  Grl  +CD1  lb+  cells 
on  day  38-40.  As  seen  in  Fig.  3,  the  non-surgery  group 
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Fig.  3.  Myeloid  suppressor  cell  levels  are  elevated  in  tumor-bearing 
mice  and  decrease  after  removal  of  primary  tumor,  particularly  in 
Stat6-deficient  and  CDl-deficient  mice.  For  the  nonsurgery  and 
post-surgery  groups,  mice  were  inoculated  with  4T1  tumor  cells  on 
day  0.  Primary  mammary  tumors  were  surgically  removed  from 
the  post-surgery  group  on  day  28.  Splenocytes  were  stained  on 
day  38-42  with  Grl-PE  and  CD1  Ib-FITC,  and  assessed  by  flow 
cytometry.  Each  point  represents  an  individual  mouse. 


has  elevated  levels  of  MSC  as  compared  to  tumor-free 
mice,  while  the  post-surgery  group  has  fewer  MSC  than 
the  non-surgery  group,  but  more  than  the  tumor-free 
group.  Functional  assays  demonstrated  that  MSC  from 
both  the  nonsurgery  and  post-surgery  groups  equally 
suppress  T  cell  activation.  However,  despite  the  de¬ 
crease  in  MSC  after  surgery,  >95%  of  the  post-surgery 
mice  die  from  metastatic  disease  with  the  same  kinet¬ 
ics  as  the  non-surgery  mice  [40].  Therefore,  although 
surgery  produces  a  decrease  in  MSC  levels,  BALB/c 
mice  still  die  from  metastatic  disease,  suggesting  that 
either  the  MSC  decrease  is  not  sufficient  to  eliminate 
suppression,  or  additional  factors  beyond  MSC  are  in¬ 
volved  in  depressing  anti-tumor  immunity. 


The  Sta/6  and  CD1  genes  inhibit  the  development  of 
anti-tumor  immunity  and  lead  to  immune  suppression 

Type  1  CD4+  T  helper  lymphocytes  are  considered 
by  many  tumor  immunologists  to  facilitate  tumor  re¬ 
jection  by  providing  “help”  to  activate  tumor-specific 


CD8+  T  cells  [49,50].  This  hypothesis  has  led  to  the 
assumption  that  if  CD4+  T  cell  responses  could  be 
skewed  towards  a  Type  1  phenotype  and  away  from  a 
Type  2  phenotype,  then  tumor-specific  immunity  would 
be  enhanced.  We  have  tested  this  hypothesis  using 
knockout  mice  that  are  unable  to  make  a  Type  2  CD4  + 
T  cell  response,  and  hence  default  to  a  Type  1  response. 
The  Signal  Transducer  and  Activator  of  Transcription 
6  (Stat6)  gene  is  essential  for  transmitting  signals  by 
1L-4  and  1L-13.  Since  these  cytokines  are  critical  for 
development  of  Type  2  CD4+  T  cells,  Stat6-deficient 
(Stat6~/~)  mice  do  not  produce  Type  2  T  cells  [51,52]. 

To  determine  if  Stat6-deficient  BALB/c  mice  have 
enhanced  anti-tumor  immunity,  they  were  inoculated 
with  the  4T1  mammary  carcinoma  and  followed  for 
primary  tumor  progression  and  metastatic  disease.  Not 
surprisingly,  primary  mammary  tumors  grew  slightly 
more  slowly  in  Stat6-deficient  vs.  Stat6-competent 
BALB/c  mice.  Metastatic  disease,  as  measured  by 
metastatic  tumor  cells  in  the  lungs,  liver,  bone  mar¬ 
row,  and  brain  was  significantly  reduced  in  the  Stat6- 
deficient  mice  relative  to  Stat6-competent  animals.  T 
cell  depletion  studies  demonstrated  that  the  decrease  in 
tumor  progression  was  T-cell  mediated  [53].  Other  in¬ 
vestigators  have  found  a  similar  enhancement  of  tumor- 
specific  immunity  in  Stat6-deficient  mice  for  a  primary 
fibrosarcoma  [54]  and  a  mastocytoma  [55],  Thus,  elim¬ 
ination  of  the  Stat6  gene  allows  for  the  development  of 
effective  tumor-specific  immunity. 

Subsequent  studies  with  the  4T1  mammary  car¬ 
cinoma  demonstrated  that  Stat6-deficient  mice  were 
highly  resistant  to  metastatic  disease  provided  the  pri¬ 
mary  tumor  in  the  mammary  gland  was  surgically  re¬ 
moved  [42]  (see  Table  3).  Because  anti-tumor  immu¬ 
nity  is  improved  by  the  deletion  of  the  Stat6  gene,  these 
studies  have  collectively  led  to  the  concept  that  Stat6 
regulates  an  inhibitor  that  blocks  or  suppresses  the  in¬ 
duction  of  tumor-specific  immunity.  Some  investiga¬ 
tors  have  argued  that  the  inhibitors  are  IL-4  and  IL-13 
and  that  they  mediate  their  effect  by  skewing  the  re¬ 
sponse  away  from  a  Type  1  CD4+  T  cell  response  [54, 
56], 

In  addition  to  being  resistant  to  the  transplanted  4T1 
tumor,  mice  deficient  for  the  Stat6  gene  are  also  re¬ 
sistant  to  spontaneous  mammary  carcinoma.  BALB/c 
neuT+/-  mice  are  transgenic  mice  that  contain  the 
transforming  her2/neu  (ErbB-2)  gene  under  the  control 
of  the  mouse  mammary  tumor  virus  LTR.  These  mice 
spontaneously  develop  multi-focal  mammary  neoplasia 
starting  at  approximately  10  weeks  of  age  [13].  To  de¬ 
termine  if  Stat6-deficiency  affects  spontaneous  mam- 
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Table  2 

Mice  with  deleted  Stat6  or  CD1  genes  have  increased  survival  and 
decreased  metastatic  mammary  cancer 


BALB/c 

Number  survivors/total  mice1 
Stat6-/“ 

CD1-/- 

2/45  (4%) 

30/44  (68.2%) 

8/10(80%) 

1  Mice  were  inoculated  in  the  abdominal  mammary  gland  with  7000 
4T1  mammary  carcinoma  cells  and  primary  tumors  were  surgically 
removed  2.5-3. 5  weeks  later.  Mice  were  followed  for  survival.  Sur¬ 
vivors  are  defined  as  mice  that  remain  alive  for  >280  days  after  initial 
4T1  inoculation. 

mary  cancer  development  and/or  progression,  neuT 
mice  were  crossed  with  Stat6-deficient  mice  and  the 
offspring  backcrossed  to  Stat6-deficient  mice  to  obtain 
Stat6~/-neuT+/~  mice.  The  Stat6“/~'neuT+/_  mice 
developed  mammary  tumors  more  slowly,  had  fewer  tu¬ 
mors,  and  survived  longer  than  neuT  +/  ~  mice,  demon¬ 
strating  that  Stat6-deficiency  also  reduces  spontaneous 
mammary  cancer  (S.  Miller,  C.  Davis,  S.  Dissanayake, 
and  S.  Ostrand-Rosenberg,  unupublished  results). 

CDl-deficient  mice  also  have  greatly  increased 
tumor-specific  immunity  and  survive  4T1  metastatic 
disease  (Table  2)  [42]  and  are  also  resistant  to  re¬ 
currence  of  the  15-12RM  fibrosarcoma  [54],  CD1- 
deficient  mice  lack  NKT  cells  which  are  a  principle 
source  of  IL-13,  and  therefore,  it  has  been  hypoth¬ 
esized  that  IL-13  is  the  inhibitor  that  blocks  tumor- 
specific  immunity  in  CDl-deficient  mice  [54].  Block¬ 
ing  IL-13  and/or  IL-4  either  via  in  vivo  administered 
inhibitors  or  through  the  use  of  receptor-deficient  mice 
does  not  yield  enhanced  tumor  immunity  to  the  4T1 
mammary  carcinoma.  Therefore,  we  have  concluded 
that  IL-13  and  IL-4  are  not  the  exclusive  inhibitors  that 
prevent  the  induction  of  immunity  to  4T1  mammary 
carcinoma  [42]. 

Further  studies  have  shown  that  CD4+CD25+  T 
regulatory  cells  are  not  responsible  for  preventing 
the  induction  of  tumor-specific  immunity  against  the 
4T1  mammary  tumor  because  depletion  of  these  cells 
does  not  affect  progression  of  either  primary  tumor  or 
metastatic  disease.  Therefore,  the  Stat6  and  CD  1  genes 
may  regulate  as  yet  unidentified  molecules  that  inhibit 
CD8+  T-cell-mediated  tumor-specific  immunity  [42], 

Stat6-deficient  and  CDl-deficient  mice  rapidly  loose 
MSC  after  surgical  removal  of  primary  mammary 
tumors 

Similar  to  many  tumors,  4T1  secretes  growth  fac¬ 
tors  such  as  VEGF  and  TGF  that  stimulate  MSC  and 
block  differentiation  of  DC.  As  described  above  and 
shown  in  Table  2,  Stat6-deficient  and  CDl-deficient 


Table  3 


Mice  with  a  deleted  Stat6  gene  have  decreased  metastatic  mammary 
cancer 


Site  of  metastasis 

Percent  mice  with  metastatic  mammary 
carcinoma1 

BALB/c 

Stat6-/- 

Lungs 

92.5 

40 

Bone  marrow 

54 

0 

Liver 

92 

15 

'Mice  were  inoculated  with  4TI  mammary  carcinoma  on  day  0, 
primary  tumors  were  surgically  removed  2-3  weeks  later,  and  organs 
explanted  on  day  42-25  and  assayed  by  the  clonogenic  assay  for 
metastatic  tumor  cells. 

mice  have  very  effective  immunity  against  metastatic 
disease,  provided  the  primary  mammary  tumor  is  surgi¬ 
cally  removed.  To  determine  if  the  enhanced  immunity 
is  associated  with  reduced  MSC  levels,  we  have  com¬ 
pared  MSC  levels  in  tumor-free,  non-surgery  (primary 
tumor  in  place),  and  post-surgery  mice  (with  metastatic 
disease).  Splenic  MSC  levels  in  tumor-free  mice  are 
typically  below  8%,  while  MSC  levels  in  tumor-bearing 
mice  (equivalent  to  our  non-surgery  group)  can  be  as 
high  as  60%.  As  shown  in  Fig.  3,  a  high  percentage  of 
post-surgery  Stat6-deficient  and  CDl-deficient  (panels 
B  and  C,  respectively)  have  splenic  MSC  levels  be¬ 
low  8%.  In  contrast,  most  post-surgery  BALB/c  mice 
have  MSC  levels  above  1 0%  (panel  A).  Therefore,  mice 
deleted  for  the  Stat6  or  CD1  gene  display  a  rapid  re¬ 
versal  in  MSC  levels  following  surgical  removal  of  pri¬ 
mary  tumor.  Collectively,  these  results  suggest  that  the 
deleted  inhibitor  in  Stat6-deficient  and  CDl-deficient 
mice  may  act  by  either  directly  or  indirectly  regulating 
MSC  levels. 


CONCLUSIONS 

Most  deaths  from  breast  cancer  are  the  result  of 
metastatic  disease  that  progresses  after  surgical  re¬ 
moval  of  primary  tumor.  Immunotherapy  has  been 
proposed  as  a  potentially  efficacious  treatment  to  de¬ 
stroy  micro  (and  perhaps  macro)  metastasis  in  post¬ 
surgery  patients.  The  potency  of  immunotherapy  will 
directly  depend  on  the  immune  status  (competence) 
of  the  host.  Since  tumor  burden  profoundly  influ¬ 
ences  immune  status,  it  is  critical  to  understand  the  im¬ 
pact  of  latent  and/or  active  metastatic  disease  on  im- 
munocompetence.  In  this  report  we  have  reviewed  the 
mechanisms  known  to  decrease  immune  responsive¬ 
ness  in  mice  with  primary  and  metastastic  mammary 
carcinoma,  and  we  have  presented  data  demonstrating 
that  surgical  removal  of  primary  tumor  reverses  this 
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immune  suppression.  These  studies  demonstrate  that 
there  is  a  “window”  of  time  after  surgical  removal  of 
primary  tumor  during  which  tumor-bearing  individuals 
may  be  candidates  for  immune-based  therapies.  This 
“window”  is  present  even  if  the  post-surgery  individual 
has  active  metastatic  disease.  However,  as  metastatic 
disease  and  metastatic  tumor  burden  increase,  immune 
suppression  may  recur,  making  immunotherapy  less  ef¬ 
ficacious.  In  addition  to  complications  arising  from 
tumor-induced  immune  suppression,  we  have  also  de¬ 
scribed  two  genes,  the  Stat6  and  CD1  genes,  that  in¬ 
hibit  the  development  of  effective  tumor-specific  im¬ 
munity.  These  genes  antagonize  the  development  of 
tumor-specific  immunity  regardless  of  the  presence  of 
tumor.  If  the  Stat6  and  CD1  genes  have  comparable 
inhibitory  function  in  humans,  then  therapies  based  on 
their  selective  deletion  may  be  possible.  Given  the 
dramatic  affects  of  both  tumor-induced  immune  sup¬ 
pression  and  inhibitory  genes  on  the  downregulation 
of  tumor-specific  immunity,  the  design  of  any  immune 
strategy  for  the  treatment  of  metastatic  cancers  must 
factor  in  these  variables. 
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ABSTRACT 

Immunotherapy  is  a  promising  approach  for  the  management  of  ma¬ 
lignancies.  It  may  be  particularly  useful  for  tumors  that  do  not  respond  to 
conventional  therapies,  such  as  many  metastatic  cancers.  The  efficacy  of 
immunotherapy  will  depend  on  many  factors,  one  of  which  is  the  immu- 
nocompetence  of  the  host.  Patients  with  large  primary  tumors  frequently 
are  immunosuppressed,  making  them  poor  candidates  for  immunother¬ 
apy.  Although  a  few  studies  have  reported  that  surgical  removal  of 
primary  tumor  reverses  immunosuppression,  it  is  not  known  whether 
metastatic  disease  in  postsurgery  patients  inhibits  this  recovery.  To  de¬ 
termine  the  role  of  metastatic  disease,  we  examined  tumor-free  mice 
versus  mice  with  primary  tumor  and  metastatic  disease  versus  mice  whose 
primary  tumors  were  removed  surgically  but  who  had  metastatic  disease. 
We  have  used  the  mouse  4T1  mammary  carcinoma,  a  BALB/c-derived 
transplantable  tumor  that  shares  many  characteristics  with  human  breast 
cancer  and  is  an  established  model  for  spontaneous,  metastatic  cancer. 
Cell-mediated  and  humoral  adaptive  immunity,  as  measured  by  rejection 
of  allogeneic  tumor,  antigen-specific  T-cell  proliferation,  and  antigen- 
specific  antibody  responses,  was  suppressed  in  4Tl-bearing  nonsurgery 
mice  relative  to  tumor-free  mice.  Surgical  removal  of  primary  tumor 
resulted  in  rebounding  of  antibody  and  cell-mediated  responses,  even  in 
mice  with  metastatic  disease.  Macrophage  activity,  as  measured  by  lipopo- 
lysaccharidc  responsiveness,  and  dendritic  cell  function,  as  measured  by 
nominal  and  alloantigen  presentation,  were  not  suppressed  in  tumor¬ 
bearing  mice.  Therefore,  the  presence  of  primary  tumor  suppresses  T-cell 
and  antibody  responses;  however,  surgical  removal  of  primary  tumor 
restores  immunocompetence  even  when  disseminated  metastatic  disease  is 
present. 

INTRODUCTION 

For  >20  years  immunologists  have  noted  that  tumor-bearing  pa¬ 
tients  often  are  immunosuppressed  and  unable  to  respond  to  their 
tumors  (1).  For  some  patients,  the  suppression  is  limited  to  responses 
to  their  resident  tumor  cells  (2),  whereas  others  are  unable  to  respond 
to  a  variety  of  tumors  (3),  and  still  others  are  suppressed  globally  and 
unable  to  respond  to  nominal  antigens  (4).  In  many  of  the  earlier 
studies,  cells  were  identified  as  the  “suppressor”  elements  (5-7).  In 
more  recent  studies,  a  range  of  additional  mechanisms  has  been 
identified  that  decrease  tumor  immunity  in  tumor-bearing  persons. 
These  mechanisms  include  (a)  immune  tolerance  of  the  host  to  tumor 
antigens  (8);  (b)  genetic  changes  in  tumor  cells  that  render  the  tumor 
cells  “immune”  to  the  host’s  immune  system  (9-11);  (c)  “ignorance” 
or  lack  of  activation  to  tumor  antigens  (12);  (d)  dysfunction  of 
potentially  tumor-reactive  lymphocytes  rendering  them  unresponsive 
to  antigen  (13);  and  (e)  immune  suppression  mediated  by  tumor  cell 
secretion  of  inhibitor  factors  and/or  activation  of  systemically  immu- 
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nosuppressive  cells  (14,  15).  Many  of  these  mechanisms  have  been 
documented  in  a  variety  of  animal  models  of  cancer  and  in  cancer 
patients,  and  T-cell  (13),  B-cell  (16),  and  antigen-presenting  cell  (14, 
17,  18)  deficits  have  been  reported. 

Immunotherapy  has  been  proposed  as  a  novel  therapy  for  cancers 
that  do  not  respond  to  conventional  therapies.  However,  if  cancer 
patients  are  immunosuppressed,  then  immunotherapy  may  be  less 
effective.  Studies  with  experimental  animals  have  led  to  the  conclu¬ 
sion  that  cancer  immunotherapy  efficacy  is  inversely  proportional  to 
tumor  burden.  This  conclusion  is  supported  by  the  paucity  of  studies 
in  the  literature  demonstrating  effective  immunotherapy  against  large, 
established  tumors  (1).  The  relationship  between  tumor  burden  and 
immunosuppression  raises  the  important  question  of  whether  tumor- 
induced  immunosuppression  is  reversible  by  surgical  removal  of  the 
primary  tumor.  Only  a  few  studies  have  assessed  immunosuppression 
after  primary  tumor  removal  in  either  mice  (19,  20)  or  humans  (21, 
22).  Although  these  authors  observed  different  levels  of  immunosup¬ 
pression,  most  report  at  least  partial  recovery  of  immune  function 
following  tumor  resection. 

Although  these  immunosuppression  studies  are  important  to  under¬ 
stand  the  role  of  primary  tumor  in  inducing  immune  suppression,  they 
do  not  address  the  important  question  of  immune  suppression  in 
postsurgery  patients  with  metastatic  disease.  Surgical  removal  of 
primary,  solid  tumors  can  be  curative.  However,  if  metastatic  disease 
is  present  at  surgery  and  if  the  metastases  do  not  respond  to  conven¬ 
tional  therapies,  then  the  cancer  can  be  lethal.  Therefore,  metastatic 
cancer  is  a  major  target  for  immunotherapy,  and  immunotherapy  is 
likely  to  be  used  in  a  postsurgery  setting.  Because  immunotherapy 
will  be  most  effective  for  patients  who  are  maximally  immunocom¬ 
petent,  it  is  important  to  determine  whether  patients  whose  primary 
tumors  have  been  removed,  but  who  have  established  metastatic 
disease,  are  immunosuppressed. 

To  address  this  question,  we  used  the  4T1  mouse  mammary  carci¬ 
noma.  This  poorly  immunogenic,  BALB/c-derived  transplantable  tu¬ 
mor  shares  many  characteristics  with  human  breast  tumors  and  is  an 
established  model  for  metastatic  cancer  (23-25).  Using  this  model,  we 
compared  immune  responses  in  mice  without  tumor  (“tumor-free”) 
versus  mice  with  intact  primary  tumors  (“nonsurgery”)  versus  mice 
whose  primary  tumors  have  been  removed  but  who  have  established, 
spontaneous  metastatic  disease  (“postsurgery”).  Our  studies  demon¬ 
strate  that  although  tumor-bearing  animals  have  reduced  B-  and  T-cell 
responses,  the  immunosuppression  is  reversed  following  primary  tu¬ 
mor  removal  even  when  metastatic  disease  is  present.  Therefore, 
immunotherapy  may  be  useful  for  postsurgery  patients  with  metastatic 
disease  and  for  whom  conventional  therapies  are  not  effective. 

MATERIALS  AND  METHODS 
Mice 

Female  BALB/c,  C57BL/6,  and  C3H/HeJ  mice  were  obtained  from  The 
Jackson  Laboratory  (Bar  Harbor,  ME)  and/or  bred  at  the  University  of  Mary¬ 
land  Baltimore  County  animal  facility.  All  of  the  mice  used  were  between  6 
weeks  and  6  months  of  age.  Mice  were  housed  and  bred  according  to  the  NIH 
guidelines  for  the  humane  treatment  of  laboratory  animals,  and  the  University 
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of  Maryland  Baltimore  County  Institutional  Animal  Care  and  Use  Committee 
approved  all  of  the  procedures. 

Tumor  Cell  Lines,  4T1  Inoculations,  and  Metastasis  Assays 

4TI  and  B16  melFlO  cells  were  grown  in  vitro  as  described  previously  (23, 
26).  BALB/c  mice  were  challenged  s.c.  in  the  abdominal  mammary  gland  with 
7  X  Ifr1  4T1  tumor  cells/50  pi  serum-free  Iscove’s  modified  Dulbecco’s 
medium  or  RPMI.  Primary  tumor  growth  and  spontaneous  lung  metastases 
were  measured  as  described  previously  (23).  Briefly,  mean  primary  tumor 
diameter  (TD)  was  calculated  as  the  square  root  of  the  product  of  two 
perpendicular  diameters.  Lung  metastases  were  quantified  using  the  clono- 
genic  assay  by  plating  dissociated  lung  cells  in  medium  containing  6-thiogua- 
nine  and  counting  foci  of  6-thioguanine-resistant  4T1  tumor  cells  (23,  24). 

Surgery 

Mice  were  anesthetized,  and  tumors  were  resected  as  described  previously 
(24,  27).  Wounds  were  closed  with  Nexaband  liquid  (Henry  Schein,  Melville, 
NY).  Mice  underwent  autopsy  at  the  time  of  death  to  confirm  the  presence  of 
lung  metastases  and  to  check  for  recurrence  of  the  primary  tumor. 

Immunizations  and  Bleeds  for  Antibody  Studies 

Mice  were  injected  i.p.  with  200  pg  hen  egg  white  lysozyme  (HEL; 
Sigma-AIdrich,  St.  Louis,  MO)  in  100  pi  RIBI  adjuvant  (monophosphoryl 
lipid  A,  synthetic  trehalose  dicorynomycolate,  and  mycobacteria  cell  wall 
skeleton;  Sigma-AIdrich)  prepared  according  to  the  manufacturer’s  instruc¬ 
tions.  Briefly,  RIBI  adjuvant  was  prepared  by  warming  the  vial  to  45°C, 
injecting  I  ml  PBS  into  the  vial,  and  vortexing  vigorously  for  3  min.  Equal 
volumes  of  RIBI  adjuvant  and  4  mg/ml  HEL  in  PBS  were  mixed  by  vortexing. 
Following  immunization,  mice  were  bled  from  the  tail  vein  or  heart  at  selected 
intervals.  For  studies  of  primary  antibody  responses,  results  of  two  experi¬ 
ments  were  pooled.  In  the  first  primary  response  experiment,  4T1  was  inoc¬ 
ulated  on  day  —21;  primary  tumors  were  surgically  removed  on  day  0;  and 
mice  were  immunized  with  HEL  on  day  2  and  bled  on  days  2  (prebleed)  and 
17-18  (final  bleed).  In  the  second  experiment,  4T1  was  inoculated  on  day 
—26;  primary  tumors  were  removed  on  day  0;  and  mice  were  immunized  with 
HEL  on  day  3  and  bled  on  days  3  (prebleed)  and  16  (final  bleed).  Lung 
metastases  were  quantified  on  day  16. 

ELISA  for  Anti-HEL  Antibody 

Anti-HEL  antibody  (total  immunoglobulin)  in  serum  was  quantified  by 
ELISA.  Flat-bottomed  96-well  plates  (Nalge  Nunc  International,  Rochester, 
NY)  were  coated  overnight  with  5  fig/ml  HEL  in  PBS  or  5  pg/ml  BSA 
(Sigma-AIdrich)  in  PBS.  Excess  protein  was  removed  by  washing  with  PBS, 
0.2%  Tween,  and  0.05  M  Tris  using  an  ELISA  plate  washer  (Tecan,  Research 
Triangle  Park,  NC)  set  for  six  passes  of  300  pl/well/cycle.  All  of  the  subse¬ 
quent  washes  used  the  same  solution  and  same  number  of  wash  cycles.  The 
wells  were  blocked  with  0.02%  horse  hemoglobin  containing  0.01%  thimer- 
osal  in  PBS  for  1  h  and  then  washed.  Diluted  serum  samples  were  added,  and 
after  an  overnight  incubation,  the  plates  were  washed.  One  hundred  pi  of 
affinity-purified  biotinylated  antimouse  IgG  (whole  molecule  H  and  L  chains; 
Cappel/ICN,  Irvine,  CA;  in  PBS,  0.02%  hemoglobin,  and  0.01%  thimerosal) 
were  added  to  each  well,  and  after  a  1-h  incubation,  excess  antibody  was 
removed  by  washing.  One  hundred  pi  of  a  0.156  pg/ml  solution  of  streptavi- 
din-horseradish  peroxidase  (Zymed,  San  Francisco,  CA;  in  PBS,  0.02%  he¬ 
moglobin,  and  0.01%  thimerosal)  then  were  added  to  each  well  and  incubated 
for  30  min,  followed  by  washing.  Tetramethylbenzidine  substrate  then  was 
added  (100  pl/well  for  5-15  min;  Dako,  Carpinteria,  CA),  and  by  adding  100 
pi  0.18  M  FI2S04  per  well,  the  enzymatic  reaction  was  stopped.  Plates  were 
read  at  450  nm  using  a  Microplate  311  Autoreader  (Bio-Tek  Instruments, 
Winooski,  VT).  To  assay  levels  of  anti-HEL  IgG  or  IgM  in  serum,  the 
aforementioned  procedure  was  followed,  substituting  affinity-purified  biotiny¬ 
lated  monoclonal  antibody  to  mouse  IgG  (y  chain;  0.6  pg/ml;  Zymed)  or 
mouse  IgM  (p  chain;  Cappel/ICN),  respectively.  The  positive  control  HyHEL7 
antibody  (28)  was  prepared  as  described  previously  (29).  Positive  control 
purified  mouse  IgM  was  obtained  from  Zymed. 

Absorbance  values  were  converted  to  pg/ml  of  anti-HEL  antibody  using  a 


standard  curve.  Final  values  for  anti-HEL  antibody  concentrations  were  cal¬ 
culated  as  follows: 

Anti-HEL  Ab  =  (dilution  factor)  X  {[(p .glut I  HEL  Ab  on  Day  *) 

—  (pg/ml  BSA  control  for  Day  *)]  -  [(pg/ml  HEL  Ab  on  Day  0) 

—  ( pglml  BSA  control  for  Day  0)]} 

B16  Inoculations 

B16  melFlO  cells  (I  X  10f’or5  X  105/1 00  pi  serum-free  Iscove’s  modified 
Dulbecco’s  medium  or  RPMI)  were  inoculated  s.c.  in  the  flank  of  BALB/c, 
C57BL/6,  or  4T1  tumor-bearing  BALB/c  mice.  Tumor  growth  was  assessed  as 
described  previously  (23).  Mice  were  followed  for  B16  growth  until  4T1 
tumor-bearing  mice  died.  Because  BALB/c  mice  die  ~42  days  after  4T1 
inoculation  (23),  mice  that  had  4-week-old  4T1  tumors  at  the  time  of  B16 
inoculation  died  relatively  soon  after  B16  was  administered  compared  with 
mice  with  3-week-old  4T1  tumors.  As  a  result,  B16  TDs  for  mice  in  the  4-week 
group  were  smaller  than  for  mice  in  the  3-week  group. 

T-Cel)  Proliferation  Assay  and  Immunizations 

Mice  were  immunized  with  HEL  in  PBS  (1:1  v/v  emulsion  with  complete 
Freund’s  adjuvant;  Sigma)  s.c.  at  the  base  of  the  tail  (25  pg/50  pi)  and  in  each 
hind  footpad  (12.5  pg/25  pi  per  footpad).  Nine  days  later,  spleens  were 
removed;  splenocytes  were  depleted  for  RBC  as  described  previously,  washed 
twice  with  serum-free  Iscove’s  modified  Dulbecco’s  medium,  and  cultured  in 
flat-bottomed  96-well  plates  at  5  X  105  cells/210  pl/well  in  serum-free  HL1 
medium  (Bio-Whittaker,  Walkersville,  MD)  containing  1%  penicillin,  1% 
streptomycin,  1%  Glutamax  (Life  Technologies,  Rockville,  MD)  5  X  10-5  M 
j3-mercaptoethanol,  and  10  pg  HEL/well  (30).  Each  splenocyte  sample  also 
was  cocultured  with  concanavalin  A  (0.2  pg/ml;  Sigma)  to  ensure  cell  viabil¬ 
ity.  Each  well  was  pulsed  with  1  pCi  [3H]thymidine  (ICN  Biochemicals,  Costa 
Mesa,  CA)  on  day  4,  and  cells  were  harvested  16  h  later  onto  glass  fiber  filter 
mats  using  a  Packard  Micromate  196  cell  harvester  (Packard,  Downers  Grove, 
IL).  Filter  mats  were  sealed  into  plastic  bags  with  4  ml  of  Betaplate  scintilla¬ 
tion  fluid  (Perkin-Elmer,  Gaitherburg,  MD),  and  radioactivity  was  assessed 
using  a  Wallac  1450  Microbeta  liquid  scintillation  counter  (Perkin-Elmer).  The 
HEL-specific  T-cell  proliferative  response  is  reported  as: 

A CPM  =  ( CPM for  HEL-stimuIated  splenocytes) 

—  (CPM for  splenocytes  without  HEL). 

Values  are  the  average  of  five  replicate  wells  per  point. 
Lipopolysaccharide  Injections 

Mice  were  injected  i.p.  with  50  or  100  pg  of  lipopolysaccharide  (LPS; 
Sigma)/200  pi  PBS  and  weighed  daily.  Percent  weight  change  was  calculated 
as  follows: 

%  weight  change  =  1 00% 

X  [(weight  on  day  x  after  injection)l(weight  before  injection)]. 

Dendritic  Cell  (DC)  Assays 

DC  Isolation.  Splenic  DCs  were  isolated  by  a  modification  of  the  proce¬ 
dure  described  previously  (31).  Briefly,  spleens  were  injected  with  0.5  ml  of  a 
1 -mg/ml  solution  of  collagenase  D  (Boehringer  Mannheim,  Indianapolis,  IN) 
in  HEPES  Hanks’  solution,  chopped  into  small  pieces,  incubated  at  37°C  for 
45-60  min,  and  filtered  through  a  70-pM  cell  strainer  (Falcon,  BD,  Franklin 
Lakes,  NJ).  Resulting  cells  were  depleted  for  RBC,  washed  twice  with  DC 
wash  buffer  (PBS  containing  0.5%  BSA  and  2  mM  EDTA),  and  resuspended 
to  400  pi  in  DC  wash  buffer.  One  hundred  pi  of  CD1  lc  magnetic  microbeads 
(Miltenyi  Biotech,  Auburn,  CA)  were  added  per  up  to  10s  splenocytes;  the 
mixture  was  incubated  on  ice  for  15  min  and  washed  once  with  DC  wash 
buffer;  and  the  resulting  cells  were  resuspended  to  3  ml.  Beaded  cells  were 
applied  to  LS  columns  (Miltenyi  Biotech),  eluted  in  5  ml  of  DC  wash  buffer, 
reapplied  to  a  second  LS  column,  and  eluted  with  2.5  ml  of  wash  buffer. 
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Resulting  cells  were  >60%  CDllc  positive  as  measured  by  flow  cytometry 
using  a  CD1  lc-FITC  monoclonal  antibody  (PharMingen,  San  Diego,  CA).  DC 
enrichment  produced  ~2.9-5.2  X  106  cells  per  spleen. 

DC  Presentation  of  Ovalbumin.  To  isolate  DOl  1.10  T  cells,  up  to 
4  X  10*  splenocytes  from  DO  1 1.10  transgenic  mice  were  depleted  of  RBC, 
resuspended  in  wash  buffer  (HEPES  ffanks’  solution  and  2%  calf  serum),  and 
adhered  to  plastic  to  remove  macrophages  and  DCs  (1  spleen,  10  ml  wash 
buffer,  and  T75  flask;  37°C  for  90  min;  Ref.  32).  Cells  then  were  washed  once, 
resuspended  in  2  ml  of  a  1:20  dilution  of  B220  culture  supernatant,  incubated 
at  4°C  for  1  h,  washed  once,  resuspended  in  2-4  ml  of  Lowtox  M  rabbit 
complement  (Accurate,  Westbury,  NY),  and  incubated  at  37°C  for  30  min. 
Resulting  DO11.10  T  cells  were  >46%  CD4+D01 1.I0+,  <4% 

CD8  1  DOl  1.10 1 ,  and  <4%  B220 '  as  measured  by  flow  cytometry.  Purified 
D01 1.10  T  cells  were  washed  once  and  resuspended  in  assay  medium  (RPMI, 
10%  FCS,  1%  penicillin/streptomycin,  1%  gentamicin  sulfate,  1%  Glutamax, 
and  5  X  10-5  M  )3-mercaptoethanol).  Antigen  presentation  assays  were  per¬ 
formed  in  96-well  flat-bottomed  plates  with  5  X  104  DOl  1.10  T  cells,  the 
indicated  number  of  DCs,  and  10  fig  ovalbumin  (Sigma)  or  1  /xg  ova  peptide 
323-339  (synthesized  in  the  University  of  Maryland  Biopolymer  facility)  per 
200  p.1  assay  medium  per  well.  Cells  were  incubated  at  37 °C  for  48-72  h,  and 
the  supernatants  were  harvested  and  assayed  by  ELISA  for  IFN-y  using 
matched  pairs  of  antibodies  according  to  the  manufacturer’s  directions  (Pierce- 
Endogen,  Rockford,  IL).  Values  are  the  average  of  triplicates. 

Allogeneic  DC  Assay.  Splenocytes  from  C3H/J  mice  were  harvested, 
depleted  of  RBC,  mixed  with  1500  rad  irradiated  (Gammator  B;  Kewaunee 
Scientific,  Statesville,  NC)  BALB/c  DCs  (2  X  105  responders  plus  1.4  X  10s 
DCs  in  200  ^xl  assay  medium/well  in  96-well  round-bottomed  plates),  and 
incubated  at  37°C  for  5  days.  Cultures  were  pulsed  with  1  p.Ci/well  [3H]thy- 
midine  and  harvested  and  counted  as  per  the  T-cell  activation  assays.  Values 
are  the  average  of  triplicates. 
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Metastatic  Celts  in  the  Lungs 


Fig.  !.  Antibody  production  is  reduced  in  4T1  tumor-bearing  mice  but  recovers 
following  primary  tumor  removal  despite  the  presence  of  metastatic  disease.  BALB/c 
mice  without  tumors  (“tumor-free”),  with  a  primary  tumor  in  place  (“nonslirgery”),  or 
with  their  primary  tumors  surgically  removed  (“postsurgery”)  were  immunized  with  hen 
egg  white  lysozyme  ( HEL )  and  bled  as  indicated  in  the  timelines.  Sera  were  tested  using 
ELISA  for  total  HEL-speciflc  antibodies.  A,  primary  antibody  responses;  pooled  results  of 
two  independent  experiments.  HEL-speciflc  antibody  concentrations  were  normalized  as 
described  in  the  text.  B ,  lungs  of  some  of  the  mice  from  A  were  harvested,  and  metastases 
were  quantified  using  the  clonogenic  assay.  C,  secondary  antibody  responses.  Each  dot 
represents  antibody  levels  or  number  of  metastatic  cells  in  an  individual  mouse. 


Statistical  Analyses 

Student’s  /  test  for  unequal  variances  was  performed  using  Microsoft  Excel 
2000  (Redmond,  WA).  Statistical  analyses  were  performed  for  all  of  the 
experiments  for  which  there  were  sufficient  data  points. 

RESULTS 

Antigen-Specific  Antibody  Responses  Are  Suppressed  in 
Tumor-Bearing  Mice  but  Return  to  Normal  Following  Primary 
Tumor  Removal  Despite  the  Presence  of  Metastatic  Disease.  An¬ 
tibody  production  in  response  to  immunization  is  a  fundamental 
element  of  adaptive  immunity.  Thus,  we  examined  B-cell  activity  in 
tumor-bearing  mice  by  assaying  antibody  production  in  response  to 
the  foreign  antigen  HEL.  To  compare  primary  antibody  responses  in 
mice  without  tumors  (“tumor-free”),  mice  with  intact  primary  tumors 
(“nonsurgery”),  and  mice  whose  primary  tumors  have  been  surgically 
removed  but  who  retain  established,  spontaneous  metastatic  disease 
(“postsurgery”),  BALB/c  mice  were  inoculated  with  4T1  tumor  cells 
(nonsurgery  and  postsurgery  groups  only),  and  primary  tumors  were 
removed  surgically  from  mice  in  the  postsurgery  group  after  21  or  26 
days  (day  0  is  the  day  of  surgery;  see  the  timeline  in  Fig.  1  A).  Mice 
in  the  nonsurgery  and  postsurgery  groups  were  matched  for  primary 
TD  on  the  day  of  surgery  (nonsurgery  TD,  5.59  ±  1.93  mm;  post¬ 
surgery  TD,  5.52  ±  1 .82  mm).  On  day  2  or  3  after  surgery,  all  of  the 
mice  were  bled  (prebleed)  and  then  immunized  with  HEL  in  RIBI 
adjuvant.  On  days  16-18,  mice  were  bled  again,  and  serum  samples 
were  assayed  using  ELISA  for  primary  antibody  responses  to  HEL. 

To  assay  total  HEL-specific  immunoglobulin  by  ELISA,  a  biotiny¬ 
lated  antibody  to  whole-molecule  mouse  IgG  was  used.  Because  this 
antibody  reacts  with  light  chains  and  heavy  chains,  it  detects  all  of  the 
isotypes  of  HEL-specific  antibody.  To  control  for  the  binding  of 
non-HEL-specific  serum  immunoglobulin  to  ELISA  plates,  each  sam¬ 
ple  was  tested  in  wells  coated  with  HEL  and  in  wells  coated  with 
BSA.  After  converting  absorbance  values  to  g/ml  of  antibody,  anti¬ 


body  levels  from  BSA  wells  were  subtracted  from  the  HEL  antibody 
value  for  each  sample,  and  HEL  antibody  levels  from  day  0  prebleeds 
were  subtracted  from  postimmunization  values.  Because  the  immuni¬ 
zation  time  course  varied  slightly  between  experiments,  HEL-specific 
antibody  values  from  each  experiment  were  normalized  by  dividing 
the  antibody  concentration  for  each  mouse  by  the  antibody  concen¬ 
tration  of  the  highest  responder  in  the  experiment. 

As  shown  in  Fig.  1  A,  following  HEL  immunization,  serum  levels  of 
total  HEL-specific  antibody  were  significantly  lower  in  nonsurgery 
mice  than  in  tumor-free  mice.  However,  postsurgery  mice  had  HEL- 
specific  antibody  levels  that  were  significantly  higher  than  nonsurgery 
mice  and  comparable  with  tumor-free  mice.  Interestingly,  serum  lev¬ 
els  of  HEL-specific  IgM  were  not  significantly  different  between 
tumor-free,  nonsurgery,  and  postsurgery  mice  (data  not  shown). 
Therefore,  production  of  total  antibody,  but  not  of  IgM,  is  suppressed 
in  mice  with  4T1  tumors  but  returns  to  normal  following  primary 
tumor  removal. 

We  have  established  previously  that  mice  inoculated  with  4T1 
develop  disseminated  metastases  within  10-21  days  of  4T1  inocula¬ 
tion  (23).  To  confirm  that  mice  in  the  present  experiment  had  meta¬ 
static  disease,  lung  metastases  were  quantified  using  the  clonogenic 
assay.  As  shown  in  Fig.  15,  mice  in  the  nonsurgery  and  postsurgery 
groups  developed  metastatic  disease.  However,  there  appears  to  be  no 
relationship  between  the  number  of  lung  metastases  and  the  ability  to 
mount  a  primary  antibody  response.  Thus,  the  observed  recovery  of 
primary  antibody  responses  in  postsurgery  mice  occurred  despite  the 
presence  of  extensive,  established  metastatic  disease. 

To  determine  whether  secondary  B-cell  responses  also  recover 
following  primary  tumor  removal,  we  compared  secondary  antibody 
responses  in  tumor-free,  nonsurgery,  and  postsurgery  mice.  BALB/c 
mice  were  inoculated  with  4T1  tumor  cells  (nonsurgery  and  postsur¬ 
gery  groups  only),  and  primary  tumors  were  removed  surgically  from 
mice  in  the  postsurgery  group  after  18  days  (day  0  is  the  day  of 
surgery;  see  the  timeline  in  Fig.  1C).  Mice  in  the  nonsurgery  and 
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Fig.  2.  4TI  tumor-bearing  mice  do  not  efficiently  reject  allogeneic  tumor.  BI6  tumor 
growth  in  C57BL/6  (A)  or  BALB/c  (B)  mice  inoculated  s.c.  in  the  flank  on  day  0  with 
1  X  I0r’  BI6  tumor  cells  ( H-2 *).  C,  B16  tumor  growth  in  BALB/c  mice  inoculated  s.c.  in 
the  mammary  gland  on  day  -22  with  7  X  I03  4TI  cells  and  additionally  inoculated  on 
day  0  with  I  X  I0r’  BI6  tumor  cells.  Each  line  represents  BI6  tumor  growth  in  an 
individual  mouse.  Termination  of  a  line  indicates  mouse  death.  D,  average  growth  of4TI 
tumor  in  the  IQ  mice  shown  in  C.  Data  are  from  one  of  two  independent  experiments, 
except  for  A,  which  is  pooled  from  two  separate  experiments. 


postsurgery  groups  were  matched  for  primary  tumor  diameter  on  the 
day  of  surgery  (nonsurgery  TD,  3.82  ±  0.68  mm;  postsurgery  TD, 
4.05  ±1.13  mm).  All  of  the  mice  were  bled  on  day  2  after  surgery  and 
immunized  with  HEL  in  RIBI  adjuvant  on  days  2  and  9.  On  day  14, 
mice  were  bled,  and  serum  samples  were  assayed  using  ELISA  for 
secondary  antibody  responses  to  HEL. 

As  shown  in  Fig.  1 C,  in  response  to  two  immunizations  with  HEL, 
serum  levels  of  HEL-specific  antibody  were  lower  in  nonsurgery, 
tumor-bearing  mice  than  in  tumor-free  mice.  However,  HEL-specific 
antibody  levels  in  postsurgery  mice  were  significantly  higher  than  in 
nonsurgery  mice  and  comparable  with  tumor-free  mice.  Therefore, 
like  primary  responses,  secondary  antibody  responses  are  reduced  in 
mice  with  4T1  tumors  but  recover  following  primary  tumor  removal 
despite  the  presence  of  established  metastatic  disease. 

Rejection  of  Allogeneic  Tumor  Is  Impaired  in  Mice  with  4T1 
Tumors.  Many  experimental  cancer  immunotherapeutic  strategies 
focus  on  the  activation  of  T  lymphocytes.  Because  rejection  of  allo¬ 
geneic  tumor  is  mediated  by  T  cells,  we  used  the  growth  of  the 
C57BL/6-derived  (H-2h)  B16  melFlO  melanoma  to  measure  T-cel! 
activity  in  tumor-free  versus  nonsurgery  BALB/c  (H-2'')  mice  (33). 
The  numbers  of  B16  cells  inoculated  were  based  on  previous  studies 
in  which  B16  melFlO  tumors  grew  progressively  in  syngeneic 
C57BL/6  mice.1  Tumor-free  BALB/c  or  BALB/c  mice  that  had  been 
inoculated  22  days  earlier  with  4T1  cells  were  inoculated  with 
1  X  106  B16  cells  (contralateral  side  for  4Tl-bearing  mice).  C57BL/6 
mice  also  were  inoculated  with  1  X  106  B16  cells  to  monitor  tumor 
progression  in  the  syngeneic  host.  Growth  of  B16  tumors  was  tracked 
for  20  days  or  until  mice  became  moribund  or  died.  As  expected,  B16 


tumors  grew  progressively  in  most  C57BL/6  mice  (Fig.  2 A)  but  were 
rejected  by  BALB/c  mice  within  20  days  ofB16  inoculation  (Fig.  25). 
In  contrast,  B16  tumors  were  not  rejected  by  60%  of  4T1  tumor¬ 
bearing  BALB/c  mice  within  the  same  period  (Fig.  2 C).  4T1  tumors 
in  these  mice  (Fig.  2D)  grew  at  a  rate  comparable  with  growth  in  mice 
without  B16  tumors  (data  not  shown).  Therefore,  allogeneic  tumor 
rejection  is  impaired  in  mice  carrying  4T1  tumors. 

In  a  second  experiment,  C57BL/6,  tumor-free  BALB/c,  or  BALB/c 
mice  that  had  been  inoculated  3  weeks  earlier  with  4T1  cells  (4T1  TD, 
5.21  ±  1.61  mm)  were  inoculated  with  5  X  105  B16  cells  (contralat¬ 
eral  side  for  4Tl-bearing  mice).  Growth  of  B16  tumors  was  tracked 
for  26  days  or  until  mice  became  moribund  or  died.  As  expected, 
palpable  B16  tumors  were  present  in  100%  of  C57BL/6  mice  (Fig. 
3 A).  When  compared  with  BALB/c  mice  without  4T1,  mice  with 
3-week  established  4T1  tumors  were  more  likely  to  develop  palpable 
B16  tumors  (Fig.  3 A),  and  the  tumors  that  developed  grew  to  a 
significantly  larger  maximum  TD  before  regression  or  mouse  mori- 
bundity  (Fig.  35).  In  a  similar  experiment,  B16  growth  was  tracked  in 
C57BL/6,  tumor-free  BALB/c,  and  BALB/c  mice  that  were  inocu¬ 
lated  with  5  X  105  B16  cells  4  weeks  after  4T1  inoculation  (4T1  TD, 
8.41  ±  1.85  mm).  Tumor  growth  was  tracked  until  16  days  post-B16 
inoculation  or  until  mice  became  moribund  or  died.  In  this  experi¬ 
ment,  palpable  B16  tumors  developed  in  100%  ofC57BL/6  mice.  B16 
tumor  incidence  and  maximum  TD  were  higher  in  mice  with  4-week 
established  4T1  tumors  than  in  mice  without  4T1.  Therefore,  alloge¬ 
neic  B16  tumors  grew  larger  and  were  more  likely  to  develop  in  4T1 
tumor-bearing  BALB/c  mice  than  in  mice  without  4T1  tumors.  These 
results  collectively  demonstrate  that  mice  with  bulky,  primary  tumor 
are  less  able  to  immunologically  reject  allogeneic  tumor,  suggesting 
that  their  cellular  immunity  is  compromised. 

T-Cell  Responses  to  HEL  Are  Impaired  in  Mice  with  4T1 
Tumors  but  Recover  Following  Surgery  Despite  the  Presence  of 
Disseminated  Metastatic  Disease.  To  assess  antigen-specific  T-cell- 
mediated  immunity,  tumor-free,  nonsurgery,  and  9-day  postsurgery 
mice  with  metastatic  disease  were  immunized  with  HEL.  Mice  in  the 
nonsurgery  and  postsurgery  groups  were  matched  for  primary  TD  on 
the  day  of  surgery  (4.93  ±  0.83  mm  and  4.71  ±  1.2  mm,  respec¬ 
tively).  Splenocytes  were  harvested  9  days  after  immunization,  re¬ 
stimulated  in  culture  with  HEL,  and  T-cell  proliferation  was  measured 
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Fig.  3.  Incidence  and  growth  of  allogeneic  tumor  are  greater  in  4TI  tumor-bearing 
mice  than  in  tumor-free  mice.  BALB/c,  C57BL/6,  or  4T1  tumor-bearing  nonsurgery 
BALB/c  mice  were  inoculated  s.c.  with  5  X  1 05  B 1 6  cells  and  followed  for  incidence  of 
B 1 6  tumor  growth  (A  and  Q  and  maximum  B 1 6  tumor  diameter  (B  and  D).  BALB/c  mice 
were  inoculated  s.c.  with  7  X  1 03  4T 1  cells  3  weeks  (A  and  B)  or  4  weeks  (C  and  D)  before 
B16  inoculation.  Fractions  indicate  number  of  mice  that  developed  palpable  BI6  tumors/ 
number  of  mice  inoculated  with  BI6.  *,  A  significant  difference  between  groups 
( P  <  0.05).  Data  are  from  one  of  three  independent  experiments. 
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by  [3H]thymidine  incorporation.  As  shown  in  Fig.  44,  HEL-specific 
proliferative  responses  were  reduced  significantly  in  nonsurgery  mice 
compared  with  tumor-free  mice.  However,  surgical  removal  of  pri¬ 
mary  tumor  returned  HEL-proliferative  responses  to  levels  compara¬ 
ble  with  that  of  tumor-free  mice. 

To  ascertain  that  the  HEL-immunized  mice  had  metastatic  disease, 
the  lungs  of  the  nonsurgery  and  postsurgery  groups  were  removed  at 
the  time  of  splenocyte  removal  and  assayed  using  the  clonogenic 
assay  for  metastatic  tumor  cells.  As  shown  in  Fig.  45,  both  groups 
have  metastatic  cells  in  their  lungs.  Therefore,  although  the  presence 
of  bulky  primary  tumor  significantly  inhibits  antigen-specific  T-cell 
responses,  surgical  resection  of  primary  tumor  reverses  this  inhibition 
even  when  metastatic  disease  is  present. 

Macrophage  Activity  Is  Unimpaired  in  Mice  with  4T1  Tumors. 
As  professional  antigen-presenting  cells,  macrophages  play  an  impor¬ 
tant  role  in  adaptive  immune  responses.  The  endotoxin  LPS  induces 
toxic  shock  and  cachexia  in  mice  via  a  macrophage-dependent  mech¬ 
anism,  leading  to  severe  weight  loss  (34).  Thus,  we  have  examined 
responses  of  mice  to  LPS  as  a  measure  of  macrophage  function,  with 
the  degree  of  weight  loss  corresponding  to  macrophage  activity.  To 
compare  responsiveness  to  LPS  in  tumor-free  mice  and  nonsurgery 
mice,  B ALB/c  mice  were  inoculated  with  4T1  cells  (tumor-bearing 
group  only)  and  2  or  4  weeks  later  inoculated  with  LPS.  4T1  TDs  for 
mice  with  2-week  and  4-week  established  4T1  tumors  were 
2.68  ±  1.47  mm  and  7.87  ±1.81  mm,  respectively.  Weight  change 
was  tracked  for  3  days  or  until  mice  became  moribund  or  died. 
Tumor-free  (Fig.  5 A)  and  nonsurgery  (Fig.  55)  mice  experienced 
significant  weight  loss  within  1  day  of  LPS  inoculation.  Percent 
weight  change  did  not  vary  significantly  between  tumor-free  and 
nonsurgery  mice. 

To  determine  whether  4T1  tumor  burden  affected  LPS-induced 
weight  loss,  tumor-free  and  nonsurgery  mice  with  either  2-week  or 
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Fig.  4.  Hen  egg  white  lysozyme  (HEL)-specific  T-cel!  responses  are  reduced  in  4TI 
tumor-bearing  mice  but  recover  following  primary  tumor  removal  despite  the  presence  of 
metastatic  disease.  A,  tumor-free,  nonsurgery,  and  postsurgery  B ALB/c  mice  were  im¬ 
munized  with  HEL.  Nine  days  later,  their  spleens  were  removed  and  boosted  in  vitro  with 
HEL,  and  T-cell  proliferation  was  measured  by  incorporation  of  [3H]thymidine.  B,  lungs 
of  some  of  the  mice  from  A  were  harvested,  and  metastases  were  quantified  using  the 
clonogenic  assay.  Each  symbol  represents  the  number  of  metastatic  tumor  cells  in  the 
lungs  of  an  individual  mouse.  Data  are  pooled  from  three  independent  experiments. 
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Fig.  5.  4T1  tumor  burden  does  not  affect  macrophage  activity.  A  and  B,  tumor-free 
BALB/c  mice  (A)  and  BALB/c  mice  inoculated  s.c.  with  4T1  on  day  -28  (nonsurgery;  B) 
were  inoculated  with  lipopolysaccharide  (IPS)  or  with  PBS  on  day  0.  Weight  loss  was 
tracked  daily  or  until  mice  died.  At  day  1,  there  were  statistically  significant  differences 
between  PBS-injected  and  LPS-inoculated  tumor-free  mice  (50  /xg  LPS,  P  =  0.001;  100 
/xg  LPS,  P  <  0.001)  and  between  PBS-injected  and  LPS-inoculated  tumor-bearing  mice 
(50  /xg  LPS,  P  =  0.012;  100  /x g  LPS,  P  <  0.001).  The  number  of  mice  in  each  group  is 
indicated  at  the  end  of  each  line.  Nine  nonsurgery  mice  and  five  tumor-free  mice  died 
within  3  days  of  LPS  inoculation.  Data  are  from  one  of  three  independent  experiments,  in 
which  mice  with  2-week  or  4-week  4T1  tumors  were  used.  C  and  D,  tumor-free  BALB/c 
mice  and  BALB/c  mice  with  2-week  or  4-week  established  4T1  tumors  were  inoculated 
with  PBS  (Q  or  LPS  ( D )  on  day  0  and  weighed  daily  for  3  days  or  until  they  became 
moribund  or  died.  4TI  tumor  diameter  (TD)  was  measured  on  the  day  of  LPS  inoculation. 
Each  symbol  represents  the  weight  of  an  individual  mouse.  Five  tumor-free  mice,  five 
mice  with  4-week  4T1  tumors,  and  six  mice  with  2-week  4T1  tumors  died  within  3  days 
of  LPS  inoculation.  Data  are  pooled  from  three  independent  experiments. 


4-week  established  4T1  tumors  were  inoculated  with  PBS  (Fig.  5Q  or 
LPS  (Fig.  5 D)  and  followed  for  weight  changes.  TD  does  not  impact 
percent  weight  change.  Therefore,  macrophage  activity  is  not  altered 
in  mice  carrying  4T1  tumors,  suggesting  that  macrophage  function  is 
not  suppressed  by  the  presence  of  bulky,  primary  tumor. 

DC  Activity  Is  Not  Suppressed  in  Tumor-Bearing  or  Postsur¬ 
gery  Mice.  Impaired  DC  activity  has  been  reported  in  patients  with 
bulky,  primary  tumors  (31,  35).  To  determine  whether  DC  activity  is 
decreased  in  4T1  tumor-bearing  mice  and/or  is  affected  by  surgery, 
splenic  DCs  were  purified  from  tumor-free,  nonsurgery,  and  10-15- 
day  postsurgery  mice  with  metastatic  disease  using  Miltenyi  magnetic 
bead  sorting  for  CDllc+  cells.  Mice  in  the  nonsurgery  and  postsur¬ 
gery  groups  were  matched  for  primary  TD  on  the  day  of  surgery 
(7.7  ±  1 .6  mm  and  7.6  ±  1 .6  mm,  respectively).  Recovery  of  splenic 
CDllc+  cells  from  the  three  groups  ranged  from  3-5.2  X  10"  per 
spleen,  and  there  were  no  significant  differences  in  yield  between  the 
treatment  groups.  Purified  cells  were  double  stained  for  CDllc  plus 
CD40,  CD80,  or  I-Ad  to  ascertain  phenotype.  More  than  60%  of  the 
recovered  cells  were  CD1  lc+,  and  the  CD1  lc+  cells  from  the  three 
groups  did  not  differ  in  cell  surface  expression  of  MHC  class  II, 
CD40,  or  CD80  as  measured  by  immunofluorescence  and  flow  cy¬ 
tometry  (data  not  shown).  Functional  activity  of  the  CDllc+  cells 
from  the  three  treatment  groups  was  measured  by  (a)  activation  of 
allogeneic  (C3H/HeJ)  T  cells,  (b)  presentation  of  exogenous  ovalbu- 
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Fig.  6.  Dendritic  cel!  ( DC)  activity  is  not  suppressed  in  tumor-bearing  mice.  Splenic 
DCs  were  purified  from  tumor-free,  nonsurgery,  and  10-day  postsurgery  BALB/c  mice. 
DCs  were  pulsed  with  ovalbumin  protein  (.4)  or  ovalbumin  peptide  323-339  ( B )  and 
coculturcd  at  varying  ratios  with  I-Ad-restricted  ova323_339-specific  DOl  1.10  T  cells,  and 
supernatants  were  assayed  for  IFN-y.  C.  irradiated  DCs  were  cocultured  with  allogeneic 
C3H  splenocytes,  and  T-cell  proliferation  was  measured  by  [3H]thymidine  uptake.  The 
cpm  for  DC  and  C3H  splenocytes  cultured  separately  were  <8%  of  the  alio  response. 
Each  graph  in  A  through  C  represents  splenocytes  from  one  or  two  mice  per  treatment 
group  and  is  representative  of  three  to  five  independent  experiments.  £>,  lungs  of  mice 
from  the  same  inoculation  cohort  of  A  and  B  were  harvested,  and  metastases  were 
quantified  using  the  clonogenic  assay.  Each  symbol  represents  the  number  of  metastatic 
tumor  cells  in  the  lungs  of  an  individual  mouse.  Data  are  pooled  from  two  independent 
experiments. 


min  to  I-Ad-restricted,  ovalbumin323_33g-specific  CD4+  DOl  1.10 
transgenic  T  cells  (32),  and  (c)  presentation  of  ovalbumin  peptide 
323-339  to  DOl  1.10  T  cells.  CD1  lc+  cells  from  tumor-free,  nonsur¬ 
gery,  and  postsurgery  mice  are  approximately  equivalent  in  their 
ability  to  present  ovalbumin  protein  (Fig.  6 A)  and  ovalbumin  peptide 
(Fig.  6 B).  Similarly,  CDllc+  cells  from  all  of  the  three  treatment 
groups  are  equal  in  their  ability  to  activate  allogeneic  T  cells  (Fig. 
6Q.  To  confinn  that  mice  in  the  nonsurgery  and  postsurgery  groups 
have  metastatic  disease,  lungs  were  harvested  and  assayed  by  the 
clonogenic  assay  for  metastatic  tumor  cells  (Fig.  6 D).  These  results 
collectively  demonstrate  that  splenic  DCs  from  4T1  tumor-bearing 
mice  and  from  postsurgery  mice  are  not  impaired  in  their  ability  to 
process  and  present  antigen  and  to  activate  T  cells. 

DISCUSSION 

Immunotherapy  offers  a  promising  approach  for  the  management  of 
metastatic  cancers;  however,  the  development  of  effective  strategies  is 
complicated  by  the  ability  of  tumors  to  evade  host  immunity.  Al¬ 
though  there  are  a  few  studies  in  which  tumor-induced  immunosup¬ 
pression  has  not  been  noted  (36),  most  investigators  have  reported 
reduced  immune  functions  in  tumor-bearing  individuals  (1),  establish¬ 
ing  tumor-induced  immunosuppression  as  a  fundamental  mechanism 
allowing  tumors  to  escape  immune  destruction.  Because  immunother¬ 
apy  becomes  less  effective  as  tumor  mass  increases,  it  is  thought  that 
immunosuppression  intensifies  with  increasing  tumor  burden  (1). 
Despite  the  apparent  critical  role  of  tumor-induced  immune  suppres¬ 
sion,  few  studies  have  evaluated  immunocompetence  following  the 
reduction  of  tumor  burden  via  primary  tumor  resection  (19-22).  There 
is  a  particular  shortage  of  information  regarding  the  clinically  relevant 
question  of  whether  tumor-induced  immunosuppression  can  be  re¬ 
versed  by  primary  tumor  resection  even  when  metastatic  disease  is 


present.  Because  many  metastatic  cancers  are  not  responsive  to  con¬ 
ventional  therapies,  postsurgery  patients  with  established  metastatic 
disease  may  benefit  from  novel  treatments  such  as  immunotherapy. 
Therefore,  a  better  understanding  of  the  immunocompetence  of  pa¬ 
tients  whose  primary  tumors  have  been  removed  surgically,  but  who 
have  metastatic  disease,  is  essential  to  evaluate  whether  immunother¬ 
apy  will  be  a  useful  treatment  strategy. 

The  studies  reported  here  indicate  deficits  in  cell-mediated  and 
humoral  immune  responses  in  mice  with  bulky  primary  tumors,  rel¬ 
ative  to  tumor-free  mice.  CD8+  and  CD4+  T-cell  responses  are 
suppressed  based  on  inadequate  rejection  of  allogeneic  tumor,  inabil¬ 
ity  to  switch  from  antigen-specific  IgM  to  IgG  isotypes  following 
immunization,  and  reduced  antigen-specific  T-cell  activation  follow¬ 
ing  immunization.  Whether  the  decreased  antigen-specific  IgG  re¬ 
sponses  of  tumor-bearing  mice  demonstrate  direct  suppression  of  B 
lymphocytes  or  are  the  result  of  T-cell  dysfunction  is  unclear.  Because 
immunized  tumor-bearing  mice  make  normal  levels  of  antigen- 
specific  IgM  but  produce  significantly  reduced  levels  of  total  anti¬ 
body,  the  tumor-induced  deficit  in  antibody  production  may  reflect  a 
problem  with  CD4H  T-helper  cell-mediated  immunoglobulin  class 
switching  rather  than  an  inherent  B-cell  defect.  Regardless  of  the 
mechanisms  responsible  for  the  reduced  immunocompetence,  our 
studies  agree  with  previous  reports  documenting  T-cell  (13)  and 
B-cell  deficiencies  (16,  37)  in  tumor-bearing  patients.  Surprisingly, 
we  do  not  find  deficiencies  in  macrophage  or  DC  activity,  although 
previous  reports  have  documented  such  defects  (31,  35,  38). 

Tumor  cells  are  known  to  synthesize  and  secrete  several  immuno¬ 
suppressive  factors.  For  example,  transforming  growth  factor  /3  in¬ 
hibits  CD8  1  effector  T  cells  and  Thl  CD4 '  T  cells,  thereby  sup¬ 
pressing  T-cell-mediated  antitumor  immunity  (39).  Vascular 
endothelial  growth  factor  also  is  an  effective  immunosuppressive 
agent.  It  blocks  normal  myeloid  cell  differentiation  and  causes  a 
buildup  of  immature  myeloid  cells,  known  as  myeloid  suppressor 
cells,  that  inhibit  the  activity  of  CD4  1  and  CD8  1  T  cells  (14,  17,  21, 
40).  Similar  to  many  tumors,  the  4T1  mammary  carcinoma  used  in 
this  study  produces  both  of  these  cytokines. '  Other  immunosuppres¬ 
sive  factors  secreted  by  tumor  cells  include  interleukin  10,  which 
when  present  in  high  levels  is  hypothesized  to  skew  the  immune 
response  toward  a  type  2  response,  thereby  minimizing  an  effective 
Thl  response  (41).  The  activity  of  these  cytokines  is  thought  to  be 
roughly  proportional  to  their  in  vivo  level,  and  this  level  correlates 
directly  with  tumor  burden  because  the  cytokines  are  synthesized  and 
secreted  by  the  tumor  cells.  Therefore,  it  is  likely  that  surgery  reverses 
immune  suppression  because  it  reduces  the  quantity  of  immunosup¬ 
pressive  factors,  thereby  allowing  the  immune  response  to  recover  in 
the  absence  of  the  inhibitory  cytokines.  If  this  is  the  case,  then 
immunosuppression  may  recur  as  metastatic  lesions  grow  and  inhib¬ 
itory  cytokine  levels  increase,  becoming  more  severe  as  metastatic 
tumor  burden  increases.  However,  after  surgery  there  clearly  is  a 
“window”  during  which  relatively  large  quantities  of  metastatic  cells 
are  present,  but  immune  suppression  is  not  active.  This  window  of 
immunocompetence  may  be  the  result  of  less  efficient  cytokine  pro¬ 
duction  by  metastatic  tumor  cells  versus  primary  tumor  cells,  or 
alternatively,  there  may  be  qualitative  differences  in  cytokine  produc¬ 
tion  by  primary  tumor  cells  versus  metastatic  tumor  cells.  Such 
differences  could  result  from  distinct  cytokine  secretion  profiles  for 
primary  tumor  versus  metastatic  tumor  cells  or  from  a  requirement  for 
a  large  focus  of  tumor  cells  in  a  common  location  to  induce  immu¬ 
nosuppression.  Either  of  these  mechanisms  would  result  in  the  recur¬ 
rence  of  immune  suppression  as  metastatic  tumor  burden  increases. 

The  reversal  of  tumor-induced  immunosuppression  in  patients  with 
metastatic  disease  following  primary  tumor  resection  has  important 
implications  for  cancer  immunotherapy.  Because  patients  will  be  most 
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responsive  to  immunotherapy  when  they  are  maximally  immunocom¬ 
petent,  it  is  imperative  that  tumor-induced  immune  suppression  is 
considered  when  planning  immunotherapy  regimens.  Our  studies  in¬ 
dicate  that  although  patients  with  bulky  primary  tumors  are  pro¬ 
foundly  immunosuppressed,  primary  tumor  removal  reverses  immune 
suppression  even  in  the  presence  of  extensive  metastatic  disease. 
Thus,  for  maximal  efficacy,  immunotherapy  should  be  administered 
only  after  tumor  burden  is  reduced,  either  by  surgery  or  by  other 
conventional  therapies.  Because  conventional  treatments  such  as  ra¬ 
diation  therapy,  chemotherapy,  and  surgery  also  can  reduce  host 
immunocompetence,  the  ultimate  timing  of  an  immunotherapy  regi¬ 
men  must  consider  all  of  these  conditions  (42). 
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Reliable  animal  models  are  critical  for  evaluating 
immunotherapies  and  for  defining  tumor  immunology 
paradigms.  Tumor  immunologists  are  moving  away  from 
traditional  transplantation  tumor  systems  because  they  do  not 
adequately  model  human  malignancies.  Transgenic  mouse 
models  in  which  tumors  arise  spontaneously  have  been 
developed  for  most  cancers.  The  models  use  one  of  three 
technologies:  tissue-specific  promoters  to  drive  expression  of 
SV40  large  T  antigen  or  tissue-specific  oncogenes;  deletion  of 
tumor  suppressor  genes  by  gene  targeting;  or,  conditional 
deletion  of  tumor  suppressor  genes  or  activation  of  oncogenes 
via  Cre-lox  technology.  Knockin  mice  expressing  human  tumor 
antigens  and  gene-targeted  mice  with  deletions  for 
immunologically  relevant  molecules  have  been  integral  to 
advancing  knowledge  of  the  tumor-host  relationship.  Although 
animal  models  are  becoming  more  sophisticated,  additional 
improvements  are  needed  so  that  more  realistic  models  can  be 
developed. 
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Abbreviations 

Ape  adenomatosis  polyposis  coli 

ARR2  androgen-receptor-regulated  promoter  region 

MMTV  mouse  mammary  tumor  virus 

Py  polyoma  virus 

Rb  retinoblastoma 

T  ag  SV40  large  T  antigen 

t  ag  SV40  small  t  antigen 


Introduction 

Animal  models  have  played  a  critical  role  in  establishing 
basic  paradigms  of  tumor  immunology  because  they 
provide  an  in  vivo  milieu  that  cannot  be  reproduced  in 
vitro.  As  novel  immunotherapies  and  cancer  vaccines 
have  been  developed,  animal  models  have  also  played 
an  important  role  in  pre-clinical  testing  for  therapeutic 
efficacy.  Historically,  investigators  have  used  transplant¬ 
able  tumor  models,  in  which  inbred  animals  are  inocu¬ 


lated  with  tumor  cells  derived  from  the  same  genetic 
strain.  The  tumors  were  initially  derived  from  sponta¬ 
neously  occurring  malignancies  or  induced  by  chemicals 
or  irradiation,  and  maintained  either  by  in  vivo  or  in  vitro 
passage.  As  the  tumor  immunology  field  has  moved 
towards  developing  cancer  vaccines  and  other  novel  can¬ 
cer  immunotherapies,  the  same  transplantable  tumor 
models  have  been  used  to  test  therapeutic  efficacy. 
Unfortunately,  many  of  these  tumor  models  are  not  good 
predictors  for  human  clinical  trials,  as  numerous  therapies 
that  look  promising  in  experimental  animals  have  turned 
out  to  be  ineffective  in  patients.  Although  immunother¬ 
apy  and  cancer  vaccine  studies  are  moving  away  from 
using  transplantable  tumor  models,  they  remain  a  main¬ 
stay  for  immunologists  examining  issues  of  basic  tumor 
immunology.  This  review  will  briefly  describe  the  pros 
and  cons  of  transplantable  tumor  models  and  then  focus 
on  the  recently  developed  transgenic  mouse  models  in 
which  tumors  develop  spontaneously.  A  brief  overview 
of  other  mouse  models  that  have  been  useful  in  defin¬ 
ing  basic  principles  of  tumor  immunology  will  also  be 
discussed. 

Transplantable  tumor  models 

Although  transplantable  tumors  have  long  been  integral 
to  tumor  immunology  research,  they  have  several  char¬ 
acteristics  that  limit  their  applicability  to  human  disease 
and  make  them  less  than  optimal  for  predicting  immu¬ 
notherapy  efficacy  in  patients.  First,  most  transplant¬ 
able  tumors  were  derived  many  years  ago,  and  today’s 
‘syngeneic’  mouse  strains  may  no  longer  be  fully  syn¬ 
geneic  with  these  tumors.  In  addition,  some  transplan¬ 
table  tumors  have  picked  up  endogenous  viruses  and 
express  viral  antigens  not  expressed  by  their  mouse  hosts. 
Therefore,  many  transplantable  tumors  may  be  partially 
histoincompatible  with  their  ‘syngeneic’  mouse  host  and/ 
or  contain  viral  epitopes  that  make  them  significantly 
more  immunogenic  than  naturally  arising  human  tumors. 
Second,  transplanted  tumors  are  typically  inoculated  sub¬ 
cutaneously  or  intravenously  and  therefore  do  not  grow  in 
the  anatomically  appropriate  site.  As  a  result,  the  animal 
model  does  not  mimic  the  organ-specific  physiology 
characteristic  of  the  tumor  and  the  immune  system  is 
not  exposed  to  the  tumor  in  a  manner  comparable  to  that 
of  naturally  occurring  malignancies  in  patients.  Third, 
transplantable  tumors  generally  progress  very  rapidly 
following  inoculation,  whereas  spontaneous  human 
tumors  usually  develop  more  slowly  through  a  gradual 
series  of  cellular  changes  from  pre-malignant  to  malignant 
pathologies.  'Therefore,  the  immune  system  of  patients  is 
slowly  acclimated  to  tumors,  whereas  the  immune  system 
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of  experimental  animals  with  transplanted  tumors  is 
abruptly  exposed.  These  kinetic  variations  may  lead  to 
different  immunological  outcomes,  such  as  tolerance 
versus  activation.  Fourth,  for  patients  with  solid  tumors, 
disseminated  metastatic  disease  is  frequently  the  predo¬ 
minant  cause  of  death,  and  many  cancer  vaccines  and 
immunotherapies  are  aimed  at  reducing  and/or  prevent¬ 
ing  metastasis.  Most  transplantable  mouse  tumors,  how¬ 
ever,  are  not  spontaneously  metastatic,  so  vaccine  efficacy 
studies  using  these  models  are  not  particularly  relevant 
for  human  metastatic  disease. 

Despite  these  obvious  limitations,  some  transplantable 
tumors  have  distinct  experimental  advantages.  For  exam¬ 
ple,  when  inoculated  in  the  mammary  fat  pad  of  syn¬ 
geneic  mice,  the  mouse  4T1  mammary  carcinoma  is 
spontaneously  metastatic  to  the  same  sites  as  human 
mammary  adenocarcinoma.  If  the  primary  tumor  in  the 
mammary  gland  is  removed,  then  this  transplantable 
tumor  serves  as  an  excellent  model  for  the  treatment 
of  established,  disseminated  metastatic  disease  in  a  post¬ 
surgery  setting  [1-3]. 

Transplantable  tumors  have  also  been  derived  from 
spontaneous  tumors  that  arise  in  genetically  engineered 
mice.  Because  these  recently  derived  tumors  are  syn¬ 
geneic  with  their  spontaneous  tumor  counterparts,  they 
have  been  used  in  conjunction  with  the  spontaneous 
models.  For  example,  experiments  with  such  transplant¬ 
able  tumors  have  demonstrated  that  older  mice  are  sig¬ 
nificantly  less  responsive  to  cancer  vaccines  than  younger 
mice  [4*],  and  that  combination  immunotherapy  consist¬ 
ing  of  passive  administration  of  tumor-antigen-specific 
antibodies  plus  a  cell-based  vaccine  provides  more  effec¬ 
tive  immunity  than  either  therapy  alone  [5*]. 

Models  for  testing  immunotherapy  and 
cancer  vaccines 

In  developing  better  animal  models  for  both  immu¬ 
notherapy  and  cancer  vaccine  studies,  investigators  have 
tried  to  address  the  problems  associated  with  transplant¬ 
able  tumors  and  to  develop  experimental  systems  that 
more  closely  mimic  human  malignancy.  Efforts  have 
been  directed  towards  developing  transgenic  mouse  mod¬ 
els  in  which  tumors  develop  spontaneously  and  progress 
through  the  known  pre-malignant  and  malignant  stages; 
defined  human  tumor  antigens  are  expressed  so  that  the 
host  is  tolerized  to  tumor-encoded  molecules;  and,  the 
timing  of  tumor  onset  can  be  controlled  so  that  tumors 
arise  when  the  host  has  a  mature  immune  system,  as  they 
do  in  humans. 

SV40-driven  transgenic  models 

Numerous  transgenic  mice  have  been  generated  by  plac¬ 
ing  the  transforming  genes  of  the  SV40  or  polyoma  virus 
early  regions  under  the  control  of  a  tissue  or  cell-specific 
promoter.  These  mice  spontaneously  develop  tumors  in 


the  targeted  tissue.  Table  1  includes  some  of  these 
models  and  summarizes  their  characteristics  by  target 
organ.  These  models  are  useful  because  the  mice  develop 
organ-localized  tumors,  and,  in  some  cases,  also  develop 
metastatic  lesions.  Most  of  these  transgenic  mice  develop 
prostate  cancer  [6,7]  or  mammary  carcinoma  [8-10];  how¬ 
ever,  pancreatic  [11,12],  ovarian  [13]  and  melanoma  [14] 
models  have  also  been  reported. 

The  SV40  early  region  contains  both  large  T  and  small  t 
antigens  (SV40  T  ag  and  SV40  t  ag,  respectively).  SV40 
T  ag  inactivates  the  p53  and  retinoblastoma  (Rb)  tumor- 
suppressor  genes  and  the  t  ag  activates  cyclin  Dp,  which 
alters  the  mitogen-activated  protein  kinase  (MAPK)  and 
stress-activated  protein  kinase  (SAPK)  pathways.  The 
original  prostate  cancer  model,  called  the  transgenic 
adenocarcinoma  mouse  prostate  (TRAMP)  mouse, 
was  generated  using  the  entire  SV40  early  region  [7], 
However,  there  has  been  concern  that  the  multiple 
perturbations  induced  by  the  SV40  early  region  are 
not  consistent  with  human  prostate  cancer,  so  another 
model  called  the  ‘LADY’  mouse,  containing  only  the  T 
ag  was  developed  [6]. 

A  limitation  of  the  SV40-driven  prostate  models  is  that 
the  resulting  tumors  do  not  morphologically  or  pheno- 
typically  resemble  human  prostate  tumors.  For  example, 
TRAMP  mice  develop  seminal  vesicle  and  stromal 
tumors,  and  LADY  mice  develop  neuroendocrine  tumors, 
whereas  most  human  prostate  cancers  (adenocarcinoma) 
are  of  epithelial  origin.  In  addition,  tumor  progression  in 
many  of  the  SV40  models  is  very  rapid  and  therefore 
differs  from  development  of  human  tumors,  which  typic¬ 
ally  progress  more  gradually.  These  characteristics  have 
led  some  investigators  to  question  the  physiological  rele¬ 
vance  of  SV40-driven  transgenic  models  [15]. 

Organ-specific  oncogene-driven  transgenic  models 

Because  of  the  desire  to  generate  animal  models  in  which 
the  mechanism  of  tumor  induction  more  closely  parallels 
that  of  human  disease,  transgenic  models  using  tissue  or 
cell-specific  promoters  driving  tumor-specific  oncogenes 
have  been  developed.  These  models  utilize  a  cell  or 
tissue-specific  promoter  driving  an  oncogene  that  is 
thought  to  be  causative  of  tumorigenesis.  Table  1 
includes  some  of  these  models  and  gives  their  character¬ 
istics.  Most  of  these  models  involve  oncogenes  such  as 
Her2/neu  (ErbBZ),  which  is  driven  by  mammary  tissue- 
specific  promoters  such  as  the  Her2/neu  endogenous 
promoter  or  mouse  mammary  tumor  virus  (MMTV) 
promoter  [5*,  16-21, 22*, 23];  however,  prostate  [24]  and 
intestinal  models  [25]  have  also  been  reported.  Several 
characteristics  of  these  tumors  demonstrate  their  sim¬ 
ilarity  to  human  malignancies.  Tumors  in  these  models 
progress  as  they  do  in  humans  from  pre-malignant  lesions 
to  invasive  tumors  and  in  some  cases  metastatic  disease. 
Tumor  progression  in  one  of  the  Her2/neu  models 
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Table  1 


Selected  transgenic  mouse  models  of  spontaneous  malignancies. 

Target 

organ 

Model 

name 

Promoter/ 

transgene 

Genetic 

background 

Percent  mice 
with  tumors 

Metastasis 

Comments 

References 

Breast 

neuNT 

M  MTV/rat 
activated 
Her-2/neu 

FVB 

100% 

Palpable  mammary  masses 
by  —13-14  weeks. 

[44] 

Breast 

BALB/c 

neuT 

MMTV/rat 

activated 

Her-2/neu 

BALB/c 

100% 

Lung  mets  in 
older  mice 
(—week  33)a. 

Mammary  hyperplasia  at 
-8-13  weeks;  DCIS  at 
—8-17  weeks;  1  palpable 
mass  by  -20  weeks;  1 0 
palpable  masses  by  -week  30. 

[17] 

Breast 

neuN 

MMTV/ 

unactivated 

Her-2/neu 

FVB 

-75% 

Lung  mets  in  -72% 
of  mice  >8 
months  of  age. 

DCIS  at  -37  weeks;  1  palpable 
mass  by  -41-49  weeks;  -2.5 
palpable  masses  thereafter; 
less  disease  than  BALB/c-neuT 
mice;  tolerant  to  neu. 

[16,17] 

Breast 

MMT 

(MMTV  LTR/Py 
MT)  x  MUC1 

Tg 

C57BL/6 

100% 

Focal  hyperplasia  at  —4  weeks; 
palpable  mammary  tumors  by 
day  65;  50%  of  mice  have 
tumors  by  day  80-90;  rapid 
progression. 

[8] 

Breast 

MT 

MMTV/PyMT 

FVB 

100% 

Lung  mets. 

Multifocal  mammary 
adenocarcinoma;  rapid 
progression. 

[9] 

Breast 

neuNT 

(MMTV  Cre)  x 
loxP  activated 
neu  with 
endogenous 
promoter 

BALB/c 

100% 

MMTV/Cre  transgenics  were 
bred  with  transgenics  containing 
an  inducible  activated  neu 
gene  under  its  endogenous 
promoter;  mammary  tumors 
appear  by  -8  months. 

[18] 

Prostate 

TRAMP 

Truncated  rat 
probasin/SV40 

T  +  t 

C57BL/6 
and  FVB 

100% 

100%  to  lymph 
nodes  and/or 
lungs;  less  common 
to  kidney,  adrenal 
gland,  bone. 

Prostate  intraepithelial 
hyperplasia  by  10  weeks; 
invasive  neuroendocrine 
tumors  by  20  weeks. 

[7,45] 

Prostate 

LADY 

(12T-10) 

Large  probasin/ 
SV40  Tag 

CD-I 

100% 

88%  at  9  months; 
liver  and  lung  most 
common;  also  to 
lymph  nodes,  bone. 

Low  grade  prostatic 
intraepithelial  neoplasia  (PIN); 
invasive  neuroendocrine 
tumors  by  22  weeks;  androgen 
receptor  negative. 

[6] 

Prostate 

Pten~/_ 

Cre-lox 

conditional 

knockout 

(C57BL/6  x 
DBA/2)F1  x 
(129/BALB/c) 

100% 

—50%  with  mets 
to  lymph  nodes, 
lungs. 

Prostate  hyperplasia  at  4  weeks; 
PIN  at  6  weeks;  invasive 
prostate  adenocarcinoma  by 

9  weeks;  tumors  are  androgen 
receptor  negative. 

[29*] 

Prostate 

Nkx3.1+/- 

Pten+,_ 

Double 

knockout 

129/Sv  x 
C57BL/6 

84% 

25%  to  lymph 
nodes  after  1  year. 

High  grade  PIN;  invasive 
adenocarcinoma  after  1  year; 
androgen  independent;  Pten  is 
a  tumor  suppressor  gene;  Nkx3.1 
is  homeobox  gene  that  is 
prostate-specific. 

[30] 

Prostate 

Lo  Myc 
or  Hi  Myc 

Lo  Myc:  rat 
probasin/myc 

Hi  Myc:  ARR2- 
probasin/myc 

FVB 

100% 

PIN  by  2-4  weeks;  mice  with 
high  levels  of  myc  expression 
develop  invasive  prostate 
adenocarcinoma  by  3-6  months; 
mice  with  low  levels  of  myc  by 
10-12  months. 

[24] 

Gl/colorectal 

Ape  1638 

Truncated 

Ape  gene 

B6.129 

90% 

Colon  polyps  develop  and 
progress  to  adenomas  and 
colon  carcinoma;  1-7  foci  per 
mouse;  mice  are  heterozygous 
for  the  truncated  gene  product. 

[25] 
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Table  1  Continued 


Target 

organ 

Model 

name 

Promoter/ 

transgene 

Genetic 

background 

Percent  mice 
with  tumors 

Metastasis 

Comments 

References 

Gl/colorectal 

CEA.Tg/ 

MIN 

CEA.Tg  x 

Ape  mutated 

C57BL/6 

100% 

Multifocal;  tolerant  to  CEA. 

[34,46] 

Pancreas 

MET 

Rat  elastase/ 
SV40  Tag 

1-127  x 
MUCl.Tg 

C57BL/6 

50% 

Pancreatic  dysplasia  at  birth 
progressing  to  microadenomas 
and  acinar  cell  carcinomas  by 
week  9;  by  week  12  up  to  9 
tumor  foci  per  mouse;  the 
shortened  SV40  Tag  eliminates 
potential  SV40  viral  antigens. 

[12] 

Ovary 

Tg  MISIIR 
Tag 

Mullerian 
inhibitory 
substance  type 
IIR/SV40  Tag 

B6C3F1 

50% 

Ascites 

Poorly  differentiated 
ovarian  carcinoma. 

[13] 

Ovary 

Ad 

Cre-adenovirus/ 
p53+Rb1  floxed 
recipients 

97%  by  day 
227  if  both 
alleles  are 
inactivated. 

Ascites;  mets  to 
lung  and  liver. 

Cre-adenovirus  is  inoculated 
intrabursally  in  the  ovary;  5% 
of  mice  get  tumors  outside 
of  the  ovary. 

[32*] 

Melanocytes 

Tyr-SV40E 

Mouse 

tyrosinase/ 

SV40  T+t 

C57BI/6 

100% 

61  %  of  mice 
with  eye  tumors 
get  mets. 

Earliest  melanomas  are  in 
the  eye;  skin  melanomas  are 
later  and  less  frequent. 

[14] 

CEA,  carcinoma  embryonic  antigen;  DCIS,  ductal  carcinoma  in  situ ;  Gl,  gastrointestinal  tract;  mets,  metastases;  mo,  month;  PIN, 
prostate  intraepithelial  neoplasia.  aPiero  Musiani  and  Guido  Fomi,  unpublished. 


correlates  with  increasing  tumor-induced  immune  sup¬ 
pression  of  the  host,  a  situation  that  also  occurs  in  patients 
with  malignancies  [26**].  Gene  expression  profiling  of 
mammary  tumors  regulated  by  the  endogenous  Her2/ 
neu  promoter  shows  similarities  to  human  mammary 
carcinoma  [27*]. 

Although  these  transgenic  models  have  a  high  incidence 
of  spontaneous  cancer,  and  are  therefore  very  useful 
experimentally,  investigators  have  questioned  the  phy¬ 
siological  relevance  of  those  models  in  which  the  onco¬ 
gene  is  driven  by  a  strong  viral  promoter  such  as  MMTV 
[18].  Another  limitation  of  some  of  these  models  is  that 
they  simultaneously  develop  multiple  primary  tumors, 
unlike  their  human  counterparts  in  which  typically  a 
single  primary  tumor  arises. 

Tumor-suppressor-gene  knockout  models 

Many  human  malignancies  are  associated  with  mutations 
in  tumor  suppressor  genes.  Because  such  mutations  are 
considered  causative  of  malignancy,  tumor-suppressor- 
gene  targeted  mice  (ioss-of-function’)  have  been  devel¬ 
oped,  either  with  or  without  co-activation  of  oncogenes. 
'Fable  1  includes  some  of  these  transgenic  models  and 
gives  their  characteristics.  The  most  commonly  targeted 
tumor  suppressor  gene  is  p53,  and  these  mice  typically 
develop  tumors  in  multiple  tissues  (e.g.  lung,  skin,  intes¬ 
tine,  brain,  thymus,  lymphocytes  and  connective  tissue). 
Two  prostate  cancer  transgenic  models  have  also  been 
developed  based  on  loss-of-function  of  Pten,  a  tumor 
suppressor  gene  that  also  has  anti-apoptotic  activity 
[28, 29*, 30], 


Cre-lox  conditional  expression  models 

Traditional  knockin  and  knockout  transgenic  mouse 
technology  has  provided  numerous  models  of  sponta¬ 
neous  tumorigenesis;  however,  these  models  share  a 
major  limitation.  Unlike  human  malignancies,  which 
typically  develop  after  birth,  the  targeted/transgenes  in 
these  mouse  models  are  altered  during  embryonic 
development.  Therefore,  disease  onset  is  much  earlier 
than  in  humans,  and  the  kinetics  of  tumor  progression 
do  not  parallel  those  of  human  malignancies.  To  over¬ 
come  this  problem,  mouse  models  are  being  developed 
based  on  the  ability  of  the  bacterial  recombinase  Cre  to 
activate  genes  that  are  flanked  by  LoxP  sites.  Typic¬ 
ally,  one  strain  of  mice  will  contain  a  tissue-specific 
promoter  upstream  of  a  floxed  oncogene  or  inactivator 
of  a  tumor  suppressor  gene,  and  a  second  strain  will 
contain  the  Cre  recombinase  regulated  by  an  inducible 
promoter.  When  the  two  strains  are  interbred  and  the 
FI  mice  are  given  the  inducer,  then  the  targeted  gene 
is  affected.  Using  this  approach,  tumor-inducing  genes 
can  be  manipulated  at  any  time  during  the  life  of  the 
mouse  [31], 

In  an  adaptation  of  the  Cre-lox  approach,  Flesken-Nikitin 
and  colleagues  [32*]  have  devised  a  novel  method  for 
inducing  localized  ovarian  tumors.  Instead  of  mating  Cre 
and  floxed  mice,  they  inoculated  the  ovarian  bursa  of  mice 
with  floxed  versions  of  the  p53  and  Rbl  tumor  suppressor 
genes  with  adenovirus  encoding  the  bacterial  Cre  recom¬ 
binase.  The  resulting  mice  developed  predominantly 
ovarian  tumors  that  progressed  and  metastasized  in  a 
similar  way  to  human  ovarian  carcinomas. 
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Table  2 


Selected  transgenic  mice  expressing  human  tumor  antigens. 

Model  name  Promoter/tumor  antigen  Genetic  background  Comments 

References 

PSAITg 

Endogenous  human/PSA 

BALB/c 

PSA  expressed  on  prostate  ductal  epithelium; 
immune  response  to  immunization  with  PSA. 

[33,47) 

Mucl.Tg 

Endogenous  human/MucI 

C57BL/6 

Mucl  tissue  distribution  similar  to  human  Mucl; 
no  immune  response  to  MUC1 -expressing  tumor 
cells  or  MUC1  protein. 

[36] 

(CEA  Ge)18FJP 

Endogenous  human/CEA 

C57BL/6 

CEA  expressed  in  the  cecum,  colon,  gastric 
foveolar  cells,  and  on  20%  of  luminal  epithelial 
cells;  no  circulating  CEA;  immune  response 
to  immunization  with  CEA. 

[46] 

hHer-2  Tg 

Whey  acidic  protein/ErbB-2 

B6C3  backcrossed 
to  C57BL/6 

ErbB-2  expressed  constitutively  in  Bergman 
glia  cells  (brain)  and  in  secretory  mammary 
epithelia  during  pregnancy  and  lactation. 

[48"] 

CEA,  carcinoma  embryonic  antigen;  PSA,  prostate-specific  antigen. 


Transgenic  mice  expressing  human  tumor  antigens 

Many  human  tumor  antigens  are  expressed  by  non- 
malignant  cells,  so  investigators  developing  cancer  vaccines 
must  study  the  immunogenicity  and  host  responsiveness 
to  endogenous  molecules.  Therefore,  transgenic  mice 
expressing  human  tumor  antigens  have  been  generated. 
Some  of  these  models  and  their  characteristics  are  listed 
in  Table  2.  Such  models  are  particularly  useful  for  human 
tumor  antigens,  such  as  prostate-specific  antigen  (PSA), 
for  which  there  is  no  mouse  counterpart  [33].  In  some 
cases,  tumor  antigen  transgenic  mice  have  been  crossed  to 
mice  that  contain  oncogenes,  resulting  in  mice  that 
develop  spontaneous  tumors  expressing  relevant  tumor 
antigens  (e.g.  carcinoma  embryonic  antigen  [CEA]/ade- 
nomatous  polyposis  coli  [APC]+/~  mice;  [34]).  In  some 
cases,  the  tumor  antigen  itself  is  an  oncogene  and  causes 
spontaneous  tumor  formation.  Examples  are  the  neuT 
and  neuN  transgenic  mice,  although  both  of  these  models 
use  a  rat  her-2/neu  gene  rather  than  a  human  gene 


[16,17,35],  These  models  have  provided  valuable  infor¬ 
mation  on  the  challenges  of  inducing  anti-tumor  immu¬ 
nity  to  self  antigens  for  which  the  host  has  varying  degrees 
of  tolerance  [5*, 23, 36-40], 

Gene-targeted  (knockout)  mice 

The  availability  of  knockout  mice  has  allowed  investi¬ 
gators  to  identify  many  molecules  that  are  pivotal  in 
tumor  immunity.  Knockout  mice  have  been  used  in  at 
least  two  types  of  scenarios.  First,  they  are  inoculated 
with  a  transplantable  tumor  derived  from  the  genetic 
background  of  the  knockout,  and  the  mice  are  followed 
for  tumor  progression.  As  most  gene-targeted  mice  are  on 
a  C57BL/6  or  BALB/c  background,  experiments  are 
limited  to  transplantable  tumors  derived  from  these 
strains  (for  an  example  of  this  approach  see  [41]  and 
[42]).  In  an  alternative  experimental  design,  mice  that 
have  increased  tumor  resistance  have  been  bred  with 
knockout  mice  and  the  resulting  offspring  intercrossed  or 


Table  3 


Websites  for  animal  models. 

Website  URL 

Content 

http://emice.nci.nih.gov/ 
Http://cancermodels.nci. nih.gov/ 


Http://www.jax.org/ 

Http://jaxmice.jax.org/library/modeis/cancer.pdf 

http://ccr.cancer.gov/tech_initiatives/animalmodels/default.asp 

Http://tbase.jax.org/ 

Http://bioscience.org/knockout/alphabet.htm 

Http://research.bmn.com/mkmd 

http://immunology.tch.harvard.edu/knockouts 

http://www.mshri.on.ca/nagy/cre.htm 


Mouse  Models  of  Human  Cancer  Consortium. 

These  National  Cancer  Institute  (NCI)  sites  include  a  database  of  mouse  cancer 
models,  relevant  publications  and  a  listing  of  mice  available  from  the  NCI. 
Models  are  listed  by  affected  organ  and  there  are  minireviews  for  each  organ. 
The  Jackson  Laboratory.  This  site  provides  information  and  availability  on  the 
many  mouse  models  distributed  and/or  developed  at  The  Jackson 
Laboratory  —  the  world’s  largest  private  supplier  of  inbred  strains  Of  mice. 
NCI-sponsored  Animal  Models  Initiative.  (Password  needed  to  access  this  site). 
The  Jackson  Laboratory  transgenic/targeted  mutation  database  (searchable). 
Alphabetical  listing  of  gene-targeted  mice. 

Mouse  knockout  and  mutation  database. 

Mouse  mutants  with  immunological  phenotypes 

This  page  contains  links  to  Cre  recombinase  and  floxed  gene  databases. 
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backcrossed  to  obtained  homozygous-deficient  mice.  By 
following  the  incidence  and  kinetics  of  tumor  develop¬ 
ment,  investigators  have  assessed  the  role  of  the  deleted 
gene  in  tumor  resistance  (see  [43]  for  an  example  of  this 
strategy).  'Fable  3  lists  websites  containing  databases 
describing  mice  deficient  for  various  immunologically 
relevant  genes. 

Conclusions 

Although  most  investigators  believe  that  animal  models 
can  provide  useful  pre-clinical  information  about  novel 
immunotherapies  and  cancer  vaccines,  others  have 
argued  that  animal  studies  are  uninformative  because 
they  are  not  predictive  of  results  with  humans.  If  poor 
prognostic  results  from  animal  studies  are  due  to  inade¬ 
quate  models,  then  better  models  must  be  developed. 
As  tumor  immunologists  select  the  models  they  use, 
they  should  ensure  that  they  mimic  as  closely  as  possible 
the  human  cancer  for  which  the  therapy  or  vaccine  is 
designed.  Is  tumor  onset  comparable  to  that  in  humans? 
Are  tumor  progression  and  staging  similar?  Is  the  pathol¬ 
ogy  of  the  animal  tumor  similar  to  that  of  its  human 
counterpart?  Is  the  extent  of  tumor  burden  comparable? 
Is  hormone  responsiveness  similar?  If  the  therapy 
being  tested  is  designed  for  the  treatment  of  metastatic- 
disease  in  a  post-surgery  setting,  is  the  animal  model 
appropriate?  If  the  targeted  patients  have  tumor- 
induced  immune  suppression,  is  the  animal  model  com¬ 
parably  immune  suppressed?  If  the  targeted  patients  are 
immunocompromised  because  of  age,  does  the  animal 
model  show  a  similar  immune  deficit?  Consideration  of 
these  issues  when  selecting  the  appropriate  animal 
model  may  yield  pre-clinical  results  that  more  closely 
predict  clinical  outcomes. 
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ABSTRACT 

IFN-y  is  a  pleiotropic  cytokine  that  plays  an  important  role  in  regu¬ 
lating  the  growth  of  primary  tumors.  Although  numerous  studies  of  the 
effects  of  IFN-y  on  primary-solid-tumor  growth  have  been  performed  and 
several  potential  mechanisms  for  its  efficacy  have  been  proposed,  it  re¬ 
mains  unclear  how  IFN-y  modulates  tumor  progression  and  whether  it 
exerts  its  effects  indirectly  via  host  cells  or  directly  by  interacting  with 
tumor  cells.  Using  the  well-characterized  mouse  metastatic  mammary 
carcinoma  4T1  in  a  postsurgery  setting,  IFN-y-deficient  mice  were  found 
to  have  significantly  shorter  survival  time  relative  to  wild-type  mice, 
demonstrating  that  IFN-y  is  also  a  critical  component  in  regulating  innate 
immunity  to  metastatic  disease.  Experiments  quantifying  lung  and  liver 
metastasis  indicate  that  decreased  survival  of  IFN-y-deficient  mice  is 
attributable  to  increased  metastatic  disease.  To  determine  whether  IFN-y 
is  acting  directly  on  the  tumor  cells,  IFN-y-nonresponsive  4T1  cells  were 
generated  by  transfection  (4tl/IRt).  Metastasis  experiments  with  4Tl/IRt 
demonstrated  that  IFN-y  mediates  its  effects  via  host-derived  cells,  rather 
than  by  directly  affecting  tumor  growth.  To  identify  the  population  of  cells 
responsible  for  IFN-y  efficacy,  perforin-deficient,  T-cell  subset-depleted, 
natural  killer  cell-depleted,  or  carrageenan-treated  phagocytic  cell- 
depleted  mice  were  inoculated  with  4T1  and  assessed  for  primary  tumor 
growth  and  metastatic  disease.  None  of  the  conditions  altered  primary 
tumor  growth;  however,  the  carrageenan  treatment  significantly  in¬ 
creased  metastatic  disease  in  the  liver  and  lungs.  Survival  experiments  in 
4Tl-inoculatcd,  carrageenan-trcated  mice  confirmed  that  the  elimination 
of  phagocytic  cells  significantly  reduces  survival  time  and  yields  a  survival 
phenotype  comparable  with  IFN-y  deficiency.  Therefore,  IFN-y  is  a  crit¬ 
ical  component  of  innate  immunity  to  metastatic  mammary  carcinoma 
that  probably  mediates  its  effects  via  host-derived  phagocytic  cells. 


INTRODUCTION 

IFN-y  is  a  pleiotrophic  cytokine  that  regulates  hundreds  of  diverse 
genes.  Many  of  these  genes  are  involved  in  responses  to  pathogens, 
and  their  effects  are  manifested  via  the  immune  system  (1-3).  For 
example,  IFN-y  regulates  immune  functions  such  as  immunoglobulin 
heavy-chain  class  switching,  cell-mediated  (Thl  versus  Th2)  and  NK3 
cell  immune  responses,  phagocytic  cell  clearance  of  bacteria,  antigen 
processing  and  presentation  by  MHC  class  I  and  class  II  molecules, 
and  leukocyte-endothelial  interactions.  In  addition  to  its  role  in  com¬ 
bating  pathogens,  IFN-y  has  also  been  implicated  in  immune  re¬ 
sponses  to  tumors,  and  recent  studies  demonstrated  that  the  induction 
of  IFN-y  underlies  the  therapeutic  efficacy  of  IL-12-based  tumor 
immunotherapy  (4).  Although  it  is  appreciated  that  IFN-y  plays  an 
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important  role  in  regulating  tumor  growth,  the  mechanism(s)  by  which 
it  exerts  its  effect  is  unclear. 

On  the  basis  of  in  vivo  and  in  vitro  observations,  several  antitumor 
mechanisms  have  been  ascribed  to  IFN-y.  For  example,  it  induces 
tumor  cell  production  of  antiangiogenic  factors,  which  promote  anti¬ 
tumor  effects  through  starvation  of  tumor  cells  (5).  Similarly,  Fas/ 
FasL  interactions  which  are  necessary  for  IFN-y  up-regulation  of 
antiangiogenic  factors,  promote  vascular  endothelial  apoptosis  in  the 
tumor  microenvironment,  thereby  limiting  tumor  growth  (6).  Other 
studies  show  that  tumor-induced  antiangiogenesis  requires  expression 
of  IFN-y  receptor  (CD1 19)  on  nonhematopoietic  cells,  which  suggests 
that  IFN-y-dependent  host  factors  are  involved  (7).  Other  studies 
show  the  effects  of  IFN-y  on  the  host’s  immune  system  that  suggest 
that  tumor  necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL) 
expression  by  IFN-y-activated  NK  cells  (8)  and  lgG2a  and  IgG2b 
antibody  production  by  B  cells  (9)  are  important  for  the  generation  of 
IFN-y-dependent  antitumor  responses.  Clearly  IFN-y  potentially  acts 
through  multiple  mechanisms  and  may  alter  tumor  growth  either  by  its 
direct  effects  on  tumor  cells  or  via  its  action  on  host  cells  and/or 
factors.  Not  only  is  it  unclear  which  of  these  mechanisms  is  (are) 
relevant  for  tumor  rejection,  but  it  is  also  uncertain  whether  these 
mechanisms  work  cooperatively  or  synergistically.  Likewise,  the  rel¬ 
ative  contribution  of  each  mechanism  to  overall  tumor  rejection  is 
unknown. 

We  have  undertaken  the  present  study  to  identify  the  predominant 
IFN-y-mediated  mechanism(s)  responsible  for  regulating  tumor 
growth  and  to  clarify  whether  host  and/or  tumor  cells  are  the  target  for 
IFN-y  activity  in  vivo.  Because  metastatic  cancer  is  the  major  cause  of 
death  for  patients  with  solid  tumors,  our  studies  focus  on  the  role  of 
IFN-y  in  metastatic  disease.  Several  types  of  animal  models  are 
available  for  these  studies.  Transgenic  mice  carrying  transforming 
genes  under  the  control  of  viral  promoters  provide  animals  with 
spontaneously  developing  primary  tumors  (9,  10).  Flowever,  these 
animals  typically  die  from  massive,  multifocal  primary  tumors  rather 
than  disseminated  metastatic  disease  and,  hence,  are  not  optimal 
models  for  the  study  of  metastatic  cancer.  Transplantable  tumors 
include  both  immunogenic  and  nonimmunogenic  tumors.  Because 
human  tumors  are  poorly  immunogenic,  nonimmunogenic  or  poorly 
immunogenic  mouse  tumors  are  the  better  models.  We  have  used  the 
poorly  immunogenic  4T1  mouse  mammary  carcinoma.  This  BALB/ 
c-derived  transplantable  tumor  shares  many  characteristics  with  hu¬ 
man  breast  tumors  and  is  an  established  model  for  studies  of  meta¬ 
static  cancer  (11-14).  After  inoculation  of  small  quantities  of  4T1 
tumor  cells  in  the  abdominal  mammary  gland,  primary  tumor  grows 
progressively  and  spontaneously  metastasizes  to  the  lungs,  liver, 
blood,  lymph  nodes,  brain,  and  bone  marrow  (11,  12,  14,  15).  Anal¬ 
ogous  to  human  mammary  carcinoma,  metastatic  cells  proliferate  at 
distant  sites  while  the  primary  tumor  is  in  place,  and  continue  to 
proliferate  when  the  primary  tumor  is  surgically  removed  (13).  The 
4T1  system  allows  us  to  focus  on  the  development  of  metastatic 
disease  after  the  surgical  removal  of  primary  tumor.  This  scenario  has 
not  been  previously  explored  in  animal  models,  and  may  be  very 
relevant  for  human  cancers  such  as  breast  cancer,  in  which  metastatic 
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disease  after  the  excision  of  primary  tumor  is  the  principal  cause  of 
death. 

Our  studies  indicate  that  although  several  tumor-  and  host-derived 
IFN-y-dependent  factors  regulate  the  growth  of  distant  metastasis, 
host  phagocytic  cells  play  a  major  role.  Furthermore,  IFN-y  acts  via 
host  cells  and/or  factors  and  does  not  regulate  metastatic  growth  by 
directly  acting  on  tumor  cells. 

MATERIALS  AND  METHODS 

Animals,  Cell  Lines,  cDNA  Expression  Vectors,  and  Transfectants. 
Female  BALB/c,  BALB/c.IFNy_/_,  and  BALB/c. IL4-/~  mice  were  obtained 
from  The  Jackson  Laboratory  (Bar  Harbor,  ME).  BALB/c.  Pfp_/_  mice  were 
generated  as  described  previously  (16).  All  of  the  mice  were  maintained  and 
bred  in  the  University  of  Maryland-Baltimore  County  (UMBC)  Biology  De¬ 
partment  animal  facility  and  were  used  at  8-16  weeks  of  age.  All  of  the  animal 
procedures  were  reviewed  and  approved  by  the  UMBC  Institutional  Animal 
Care  and  Use  Committee  and  are  in  compliance  with  the  NIH  guidelines  for 
the  humane  treatment  of  laboratory  animals.  4T1,  a  6-thioguanine-resistant, 
BALB/c-derived  spontaneous  mammary  carcinoma  (11),  was  cultured  in 
Iscove’s  modified  Dulbecco’s  medium  (Life  Technologies,  Inc.,  Gaithersburg, 
MD)  supplemented  with  10%  fetal  bovine  product  (Hyclone,  Logan,  UT)  and 
IX  Antibiotic-Antimycotic  (Life  Technologies,  Inc.;  Ref.  12).  Wild-type  tu¬ 
mor  cells  were  transfected  with  the  expression  vector  pEF2.mugR  (5),  con¬ 
taining  the  cDNA  for  a  truncated  IFN-yR„,  by  using  Pfx-5  lipid  (Invitrogen, 
Carlsbad,  CA)  according  to  the  manufacturer’s  instructions.  Cells  were 
selected  with  400  p.g/ml  G-418  (Life  Technologies,  Inc.),  stained  for 
surface  antigen  expression,  and  analyzed  by  flow  cytometry  (12).  mAbs 
34-5-8  (H-2Dd)  and  MKD6  (I-Ad)  were  affinity  purified  and  used  as 
previously  described  ( 1 2).  mAb  CD  1 1 9  (IFN-yRa)  was  purchased  from  BD 
BioScience  (San  Diego,  CA). 

In  Vitro  Proliferation  Assay.  4T1  and  4Tl/IRt  transfectants  at  1  x  104/ml 
were  cultured  with  recombinant  IFN-y  (Pierce  Endogen,  Rockford,  IL)  for  3 
days,  and  proliferation  was  measured  using  MTT  (13).  The  percentage  of 
growth  inhibition  =  [(40U/m,  -  4„u/ml)/(.4ou/m,)]  x  100%.  4Tl/IRt  transfec¬ 
tants  that  expressed  low  levels  of  CD1 19  remained  responsive  to  IFN-y. 

In  Vitro  Induction  of  Mig.  4T1  and  4T  1/IRt  cells  were  induced  in  vitro 
with  100  units/ml  IFN-y  for  2  h.  RNA  was  isolated,  and  Mig  was  detected 
using  RTPCR  (17). 

Tumor  Inoculation,  Clonogcnic  Metastasis  Assay,  in  Vivo  Depletion, 
and  Surgery.  Mice  were  challenged  s.c.  in  the  abdominal  mammary  gland 
with  7  X  103  4T1  or  transfected  4T1  tumor  cells.  Primary  tumor  growth  and 
spontaneous  metastasis  in  the  lungs  and  liver  using  the  clonogenic  assay  were 
measured  as  described  previously  (12).  Mice  were  depleted  of  CD4  *  T,  CD8 1 
T,  and  NK  cells  and  were  monitored  to  ascertain  depletion  as  described 
previously  (17).  Phagocytic  cells  were  depleted  by  injecting  mice  i.p.  with  2 
mg  carrageenan  iota  type  (Ref.  18;  Sigma,  St.  Louis,  MO)  on  days  —3  and  —1 
before  tumor  inoculation,  followed  by  1  injection  every  14  days  throughout  the 
experiment.  Depletion  of  macrophages  by  carrageenan  treatment  was  evalu¬ 
ated  by  measuring  reduced  susceptibility  to  LPS-induced  toxic  shock  syn¬ 
drome.  Primary  tumors  were  surgically  removed  on  days  21-24  afler  4TI 
inoculation  as  described  (13). 

Statistical  Analyses.  Data  were  analyzed  using  Student’s  t  test  for  unequal 
variances  (Microsoft  Excel  v5.0). 


RESULTS 

IFN-y-deficient  Mice  Have  a  Significantly  Reduced  Survival 
Time  after  Inoculation  of  4T1  Mammary  Carcinoma  Cells,  Rel¬ 
ative  to  IFN-y-Competent  Mice.  We  previously  established  that 
syngeneic  BALB/c  mice  inoculated  with  7  X  103  4T1  mammary 
carcinoma  cells  in  the  abdominal  mammary  gland  develop  dissemi¬ 
nated  metastasis  within  10-21  days  of  4T1  inoculation  and  will  die 
from  metastatic  cancer  even  if  the  primary  tumor  is  surgically  re¬ 
moved  (13).  If  IFN-y  reduces  metastatic  tumor  growth,  then  IFN-y- 
deficient  (BALB/c. IFNy-/~)  mice  might  have  a  decreased  survival 
time  relative  to  wild-type  BALB/c  mice.  To  test  this  hypothesis, 


BALB/c  and  BALB/c. IFNy_/~  mice  were  inoculated  with  4T1  cells, 
had  primary  tumors  surgically  removed  on  days  21-24,  and  were 
followed  for  survival.  The  average  survival  time  for  BALB/c  and 
BALB/c. IFNy-/~  mice  was  44  (±6)  and  36  (±2)  days,  respectively 
(P  <  0.001).  To  determine  whether  the  shortened  survival  of  the 
BALB/c. IFNy~/_  mice  was  caused  by  more  metastases  arising  from 
larger  primary  tumors,  survival  time  was  plotted  as  a  function  of  TD 
at  the  time  of  surgery.  The  average  sizes  of  the  primary  tumors  in 
BALB/c  and  BALB/c. lFNy-/~  mice  were  similar  at  their  time  of 
removal  (Fig.  1  A).  Therefore,  BALB/c.IFNy-/~  mice  are  more  sus¬ 
ceptible  to  the  4T1  tumor,  which  suggests  that  metastatic  disease 
progresses  more  rapidly  in  IFN-y-deficient  hosts. 

BALB/c.IFNy-/~  Mice  Develop  Spontaneous  Lung  and  Liver 
Metastases  Earlier  Than  Wild-Type  BALB/c  Mice.  To  determine 
whether  the  deletion  of  IFN-y  results  in  earlier  deaths  because  of 
increased  metastatic  disease,  the  number  of  metastatic  tumor  cells  in 
4T1 -inoculated  BALB/c  and  BALB/c.IFNy_/_  mice  was  measured. 
Mice  were  inoculated  s.c.  in  the  abdominal  mammary  gland  with 
7  X  103  4T1  tumor  cells  and  killed  on  day  35,  after  which  their  lungs 
and  livers  were  removed.  The  number  of  metastatic  4T1  tumor  cells 
in  these  organs  was  quantified  using  the  clonogenic  assay.  Primary 
tumors  were  not  surgically  removed  for  this  experiment  because 
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Fig.  1.  BALB/c. IFNy-/_  mice  have  a  shortened  survival  time  and  increased  numbers 
of  metastatic  cells  after  removal  of  primary  tumor,  relative  to  wild-type  BALB/c  mice. 
BALB/c  and  BALB/c. I FNy-/~  mice  were  inoculated  s.c.  in  the  abdominal  mammary 
gland  with  7  X  103  4T1  cells  on  day  l.  A,  primary  tumors  were  measured  and  surgically 
removed  on  days  21-24,  and  mice  were  followed  for  survival.  Data  points ,  the  survival 
time  of  an  individual  mouse.  •  •  •  •,  the  mean  survival  times.  B,  35  days  after  4T1 
inoculation,  mice  were  sacrificed,  and  the  number  of  metastatic  4T1  cells  in  the  lungs  and 
liver  quantified  using  the  clonogenic  assay.  Data  points,  the  number  of  4T1  metastatic 
cells  in  an  individual  mouse. - ,  the  lethal  levels  of  metastatic  disease  in  these  organs. 
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surgical  removal  of  primary  tumor  does  not  alter  the  survival  time  or 
the  number  of  disseminated  metastases  (13). 

To  determine  whether  primary  tumor  size  impacts  the  level  of 
metastatic  disease,  the  data  were  plotted  as  the  number  of  clonogenic 
metastatic  cells  versus  TD  at  the  time  of  harvest  (day  35).  Because 
10,000  and  100  tumor  cells  in  the  lungs  and  liver,  respectively, 
indicated  lethal  levels  of  metastatic  disease  (12),  a  line  indicating 
these  values  was  included  in  the  plots.  As  shown  in  Fig.  IB  and  Table 
1,  64%  of  BALB/c. IFNy_/_  versus  29%  of  BALB/c  mice  contained 
>10,000  clonogenic  lung  metastases  and  73%  of  BALB/c. lFNy-/~ 
versus  53%  of  BALB/c  mice  contained  >100  clonogenic  liver  me¬ 
tastases.  To  determine  whether  increased  metastasis  is  specific  to  the 
BALB/c.IFNy~/_  mice,  BALB/c. IL-4~/_  mice  were  also  tested. 
BALB/c.IL-4_/_  mice  did  not  develop  lung  and  liver  metastases 
faster  than  BALB/c  mice  (data  not  shown).  Thus,  deletion  of  IFN--y 
increases  the  number  of  spontaneous  metastatic  tumor  cells,  and  this 
increase  is  most  likely  responsible  for  the  heightened  lethality  of  4T1 
in  BALB/c.IFNy_/~. 

Primary  Tumor  Growth  Is  Marginally  Increased  in  BALB/ 
c.IFNy_/~  Mice  as  Compared  with  Normal  BALB/c  Mice.  Be¬ 
cause  previous  immunotherapy  studies  with  4T1  showed  disparate 
effects  on  primary  and  metastatic  tumor  cells  (17),  we  also  analyzed 
the  effects  of  IFN-y  on  primary  tumor  development  in  the  mice  used 
for  Fig.  1.  Primary  tumors  were  palpable  within  6-13  days  of  inoc¬ 
ulation  and  although  the  TDs  between  BALB/c  and  BALB/c. IFNy_/~ 
mice  were  significantly  different  at  day  35  ( P  =  0.045),  the  overall 
kinetics  of  primary  tumor  growth  did  not  differ  (Table  2  and  data  not 
shown).  Therefore,  IFN-y  is  a  critical  mediator  of  metastatic  tumor 
progression  and  has  only  marginal  effects  on  primary  tumor  growth. 

Generation  of  IFN-y-nonresponsive  4T1  Tumor  Cells.  Because 
IFN-y  has  multiple  immune  and  nonimmune  targets  in  vivo,  we  tested 
for  whether  IFN-y  was  inhibiting  metastasis  progression  by  acting 
directly  on  the  tumor  cells.  Several  studies  have  shown  that  IFN-y  can 
alter  tumor  cells  directly  in  vitro  with  correlative  reduction  in  primary 
tumorigenicity  in  vivo  (19,  20).  To  examine  this  possibility,  we 
generated  4T1  transfectants  that  were  insensitive  to  IFN-y  (4TI/IRt 
transfectants).  If  IFN-y  affects  metastatic  tumor  growth  by  directly 


Tabic  1  4TI  mammary  tumor  cells  metastasize  more  rapidly  to  the  lungs  and  liver  of 
BALB/c. IFN-y-1-  mice  than  of  wild-t)pe  BALB/c  mice 
BALB/c  and  BALB/c. IFNy-/_  mice  were  inoculated  s.c.  in  the  abdominal  mammary 
gland  with  7  X  I03  4T1  cells  and  were  killed  on  day  35.  The  number  of  lung  and  liver 
metastatic  cells  was  determined  using  the  clonogenic  assay. 


BALB/c 

BALB/c.IFNy~/_ 

Mice  with  >10,000  lung  metastases 
Mice  with  >100  liver  metastases 

29%  (5/17) 
53%  (9/17) 

64%  (7/11) 

73%  (8/11) 

Table  2  Primary  4TI  mammary  tumors  grow  slightly  faster  in  BALB/c.IFNy-/~  mice 
as  compared  with  wild-type  BALB/c  mice;  however,  growth  is  not  affected  by  depletion 
of  CD4,  CD8,  NK,  or  phagaocytic  cells 

Mice  were  inoculated  s.c.  in  the  abdominal  mammary  gland  with  7  X  103  4TI  cells. 
Primary  tumors  were  measured  every  3-4  days.  Numbers  in  parentheses  indicate  the 
number  of  mice  per  group.  Two  separate  experiments  are  shown. 

Strain 

Tumor  onset 
(days) 

Tumor  diameter  at 
day  35  (mm) 

BALB/c  (25) 

6-13 

8.5  ±  1.4 

BAI.B/c.IFNy~/_  (11) 

7-10 

9.5  ±  1.3" 

BALB/c  (27) 

7-12 

9.3  +  1.5 

BALB/c.Pfp-/~  (8) 

10-12 

8.5  ±  0.4'’ 

anti-asialo  GM1  (8) 

7-9 

9.5  ±  1.1 

CD4-depleted  (9) 

7-10 

9.2  ±  0.9 

C'D8-depleted  (10) 

10-14 

8.5  ±  1.3 

Carrageenan  (9) 

7-11 

9.0  ±  0.7 

"  Statistically  significantly  different  from  that  of  control  BALB/c  mice  ( P  <  0.05). 
b  Statistically  significantly  different  from  that  of  control  BALB/c  mice  ( P  <  0.025). 
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Fig.  2.  4T1  tumor  cells  expressing  an  IFN-y  receptor  with  a  truncated  a  chain  (4Tl/IRt 
cells)  are  not  responsive  to  IFN-y.  A,  4T1  and  4TI/IRt  transfectants  were  stained  by 
indirect  immunofluorescence  for  IFN-y  receptor  (CD  1 1 9  mAb),  MHC  class  I  (34-5-8 

mAb),  or  MHC  class  II  (MKD6  mAb). - ,  staining  by  fluorescent  conjugate  alone;  — 

- ,  staining  after  a  3-day  in  vitro  treatment  with  100  units/ml  IFN-y;  — ,  staining  in 

the  absence  of  IFN-y  treatment.  The  X  axis  shows  four  log  cycles  of  fluorescence 
intensity.  B,  4TI  and  4Tl/IRt  cells  (1-10  X  lOVwell)  were  cultured  in  vitro  in  the 
presence  of  various  levels  of  IFN-y  for  3  days,  and  the  %  inhibition  determined  using  an 
MTT  assay.  Error  bars,  SDs  of  the  mean.  C,  RNA  from  4TI  and  4TI/IRt  tumor  cells 
cultured  in  the  presence  or  absence  of  100  units/ml  IFN-y  for  2  h  was  reverse-transcribed 
and  amplified  using  Mig-specific  or  /3-actin-specific  primers. 


acting  on  the  tumor  cells,  then  the  growth  kinetics  of  4Tl/IRt  in 
BALB/c  mice  will  be  similar  to  the  growth  kinetics  of  4T1  in  BALB/ 
c.IFNy-/~  mice. 

To  generate  an  IFN-y-insensitive  cell  line,  4T1  was  transfected 
with  the  pEF2.mugR  plasmid,  which  contains  a  cDNA  for  a  truncated 
lFN-yR„  chain.  High  levels  of  truncated  IFN-yR„  chain  compete  with 
endogenous  full-length  IFN-yR„  and  yield  cells  that  are  nonrespon- 
sive  to  IFN-y  (5).  Transfectants  were  selected  in  G418  and  analyzed 
for  overexpression  of  IFN-yR  (CDU9)  using  flow  cytometry.  As 
shown  in  Fig.  2 A,  the  transfectants  (4Tl/lRt  line)  express  approxi¬ 
mately  two  logs  more  CD1 19  than  the  parental  4T1  cells.  The  sensi¬ 
tivity  of  4Tl/IRt  cells  to  IFN-y  was  first  examined  by  measuring  the 
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induction  of  MHC  class  I  and  class  11  molecules.  Parental  4T1  cells 
were  induced  to  express  MHC  class  II  and  increased  levels  of  MHC 
class  I  molecules  after  incubation  with  100  units/ml  IFN-y  for  3  days 
in  vitro.  In  contrast,  IFN-y  did  not  induce  the  4Tl/IRt  line  to  express 
MHC  class  II  or  increase  MHC  class  I  levels. 

To  further  evaluate  the  responsiveness  of  4T1  and  the  insensitivity 
of  4Tl/IRt  to  IFN-y,  proliferation  and  chemokine  expression  in  the 
presence  and  absence  of  IFN-y  were  determined.  As  shown  in  Fig. 
2B,  100  units/ml  IFN-y  inhibited  the  proliferation  of  wild-type  4T1  in 
vitro  by  34.5%  and  has  no  effect  on  4T1/IR1.  Because  chemokine 
expression  by  tumor  cells  can  be  induced  by  IFN-y  and  has  been 
suggested  to  regulate  tumor  growth  in  vivo  through  antiangiogenic 
mechanisms,  induction  of  Mig  in  4T1-  and  4Tl/IRt-IFN-y-treated 
cells  was  also  measured.  IP- 10  induction  was  not  measured  because 
4T1  was  previously  shown  not  to  express  IP-10  in  response  to  IFN-y 
in  vitro  (17).  4T1  was  induced  by  IFN-y  to  express  Mig,  whereas  Mig 
was  not  induced  in  IFN-y-treated  4Tl/IRt  cells  (Fig.  2C).  Thus, 
4Tl/IRt  cells  are  not  responsive  to  IFN-y  and  could  be  used  to 
distinguish  whether  IFN-y  acts  directly  on  the  tumor  cells  or  via  the 
host’s  system  in  vivo. 

IFN-y  Does  Not  Act  Directly  on  4T1  Tumor  Cells.  To  determine 
whether  IFN-y  directly  acts  on4Tl  tumor  cells,  4T1  and  4T I/IRt  cells 
were  injected  at  7  X  I03  into  BALB/c  and  BALB/c. IFNy_/~  mice.  As 
shown  in  Fig.  3 A,  there  are  no  significant  differences  in  the  growth 
kinetics  of  primary  tumors  in  any  of  the  tumor-cell/mouse-strain 
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4T1 , IFNy' 
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Fig.  3.  4T1  and  4Tl/IRt  cells  have  similar  primary  and  metastatic  growth  kinetics.  A, 
BALB/c  and  BALB/c.IFNy_/”  mice  were  inoculated  s.c.  in  the  abdominal  mammary 
gland  with  7  X  I03  4TI  or  4T  1/IRt  celts  on  day  I.  Primary  tumors  were  measured  every 
3-4  days  thereafter.  Data  points,  the  average  TD  of  5-7  mice.  Error  bars,  the  SD  of  the 
mean.  B,  the  mice  used  in  A  were  sacrificed  on  day  35  after  tumor  cell  inoculation,  and 
the  number  of  4TI  or  4T  l/IRt  metastatic  cells  in  their  lungs  was  determined  using  the 
clonogenic  assay.  Data  points,  the  number  of  metastatic  4TI  cells  in  the  lungs  of  an 
individual  mouse.  •••  •,  the  lethal  level  of  metastatic  cells  in  the  lungs. 


combinations  tested.  Therefore,  primary  solid  tumor  growth  is  not 
affected  by  IFN-y  directly  acting  on  4T1  tumor  cells. 

To  determine  whether  IFN-y  acts  directly  on  metastasizing  4T1 
tumor  cells  to  reduce  metastatic  disease,  the  BALB/c  and  BALB/ 
c.IFNy~/_  mice  of  Fig.  3A  were  sacrificed  on  day  35  after  4T1 
inoculation,  and  the  number  of  metastatic  cells  in  their  lungs  deter¬ 
mined  using  the  clonogenic  assay.  4T1  and  4Tl/IRt  tumor  cells 
produced  comparable  numbers  of  metastatic  cells  in  the  lungs  of 
BALB/c  mice  and  much  higher  levels  of  metastatic  cells  in  the  lungs 
of  BALB/c. IFNy_/_  mice  (Fig.  3B).  Hence,  the  antitumor  effects  of 
IFN-y  are  most  likely  mediated  by  host-derived  factors,  rather  than  by 
IFN-y  directly  altering  tumor  cell  proliferation. 

Perforin-mediated  Effector  Mechanisms  Minimally  Contribute 
to  the  IFN-y-dependent  Antitumor  Immune  Response.  Several 
studies  have  shown  that  IFN-y  activates  T  and  NK  cell  responses  in 
vitro  and  in  vivo  (2).  T  and  NK  cells  mediate  their  effects  through 
perforin-mediated  lysis  (21).  To  determine  whether  T  and/or  NK  cells 
play  a  role  in  IFN-y-mediated  responses  to  4T1 ,  BALB/c. Pfp_/_  mice 
and  BALB/c  mice  depleted  for  NK  cells,  CD4+  or  CD8+  T  cells  were 
injected  s.c.  in  the  abdominal  mammary  gland  with  7  X  103  parental 
4T1  cells,  and  primary  tumor  growth  monitored.  Although  a  small 
decrease  in  tumor  size  was  seen  in  the  BALB/c. Pfp~/_  versus  wild- 
type  BALB/c  mice  at  day  35  ( P  =  0.025),  the  growth  kinetics  of  4T1 
primary  tumors  in  wild-type  BALB/c,  BALB/c. Pfp_/~,  and  depleted 
BALB/c  mice  were  very  similar  (Table  2  and  data  not  shown).  To 
ascertain  whether  T  and/or  NK  cells  are  involved  in  the  IFN-y- 
mediated  antimetastatic  response,  the  numbers  of  clonogenic  meta¬ 
static  cells  in  the  lungs  and/or  livers  of  these  animals  were  analyzed 
(Fig.  4).  Statistically  significant  differences  were  not  seen  in  the 
anti-asialo-GMl -treated,  CD4-depleted,  and  CD8-depleted  BALB/c 
mice.  Spontaneous  lung  and  liver  metastases  in  BALB/c. Pfp-/“  mice 
were  slightly  increased  relative  to  metastases  in  BALB/c  mice  (Table 
3,  P  =  0.049  and  P  =  0.007,  respectively).  Survival  time  of  BALB/ 
c.Pfp~/_  mice,  however,  does  not  differ  from  that  of  BALB/c  mice 
(data  not  shown),  suggesting  that  the  minimal  difference  in  lung  and 
liver  metastases  is  not  physiologically  important.  Therefore,  perforin- 
dependent  mechanisms  may  modestly  reduce  the  numbers  of  meta¬ 
static  cells;  however,  the  increased  survival  of  BALB/c  versus  BALB/ 
c.IFNy~/_  mice  cannot  be  attributed  to  perforin-dependent  effector 
activities.  Likewise,  because  depletion  of  CD4+,  CD8+,  or  NK  cells 
did  not  affect  tumor  growth  or  survival  time,  these  cell  populations 
cannot  account  for  the  increased  survival  time  of  wild-type  mice 
versus  IFN-y-deficient  mice.  Therefore,  it  is  likely  that  non-perforin- 
dependent  mechanisms  and  cells  other  than  CD4  1 ,  CD8  1 ,  and  NK 
cells  are  responsible  for  increased  survival  mediated  by  IFN-y. 

IFN-y-dependent  Phagocytic  Cells  Are  Primarily  Responsible 
for  Controlling  Spontaneous  Metastatic  Tumor  Growth  and  Sur¬ 
vival.  IFN-y  also  activates  phagocytic  cells,  such  as  macrophages  and 
dendritic  cells  (2).  Macrophages  possess  potent  tumoricidal  activity 
(18),  and  dendritic  cells  are  critical  cells  for  antigen  presentation  (22). 
To  determine  whether  these  cells  are  responsible  for  increased  spon¬ 
taneous  metastatic  disease  in  BALB/c. lFNy~/_  mice,  BALB/c  and 
BALB/c.lFNy_/_  mice  were  treated  with  carrageenan,  a  drug  that 
depletes  phagocytic  cells  (23).  Mice  were  sacrificed  at  day  35,  and  the 
number  of  metastatic  tumor  cells  in  the  lungs  and  liver  was  quantified 
using  the  clonogenic  assay.  As  shown  in  Fig.  4 A  and  Table  3,  the 
number  of  metastatic  cells  in  the  lungs  is  significantly  increased  in 
carrageenan-treated  BALB/c  mice  as  compared  with  untreated 
BALB/c  mice  (P  =  0.017).  Although  the  number  of  metastatic  cells 
in  the  livers  of  carrageenan-treated  mice  seems  to  be  increased  rela¬ 
tive  to  BALB/c  mice,  the  trend  was  not  statistically  significant 
(P  =  0.1 56).  Fig.  4A  also  shows  that  the  levels  of  metastatic  cells  in 
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A 


Fig.  4.  Carrageenan-treated  BALB/c  mice  have  in¬ 
creased  metastatic  disease  and  decreased  survival  time. 
A,  BALB/c,  BALB/c.Pfp~/_,  anti-asialo-GM  I -treated, 
CD4-depleted,  CD8-depleted,  and  carrageenan-treated 
BALB/c  mice  were  inoculated  s.c.  in  the  abdominal 
mammary  gland  with  7  X  1 03  4T I  cells  on  day  I.  Mice 
were  sacrificed  on  day  35,  and  the  number  of  metastatic 
4T1  tumor  cells  in  the  lungs  and  liver  were  quantified 
using  the  clonogenic  assay.  Data  points,  the  number  of 
metastatic  4TI  cells  in  an  individual  mouse.  •  •  •  ■,  the 
lethal  levels  of  metastatic  cells  in  these  organs.  B, 
BALB/c  (A),  BALB/c.IFNy“/_  {■),  carrageenan-treated 
BALB/c  (•),  and  carrageenan-treated  BALB/c.IFNy-/“ 
(♦)  mice  were  inoculated  s.c.  in  the  abdominal  mam¬ 
mary  gland  with  7  X  103  4T1  tumor  cells  on  day  I. 
Primary  tumors  were  surgically  removed  on  days  21-24, 
and  the  mice  were  followed  for  survival  time. 


B 


-  BALB/c 

■# -  BALB/c,  Carrageenan 

M -  BALB/c.  I  FNy* 

"♦ -  BALB/c. IFNy*,  Carrageenan 


Day  After  4T1  Inoculation 


carrageenan-treated  BALB/c  mice  is  similar  to  that  found  in  BALB/ 
c.IFN_/_  mice  (see  Fig.  IB). 

To  determine  whether  the  increase  in  metastatic  cells  in  carrag¬ 
eenan-treated  mice  results  in  decreased  survival,  BALB/c  and  carra¬ 
geenan-treated  BALB/c  mice  were  injected  with  7  X  103  4T1  cells  in 
the  abdominal  mammary  gland,  their  primary  tumors  removed  on 
days  21-24,  and  the  mice  followed  for  survival.  A  group  of  carrag¬ 
eenan-treated  and  a  group  of  non-carrageenan-treated  BALB/ 
c.IFNy_/~  mice  were  also  included  to  compare  the  effects  of  carra¬ 
geenan  treatment  versus  IFN-y-deficiency.  As  shown  in  Fig.  4B, 
carrageenan-treated  BALB/c  mice  died  within  37  (±3)  days,  which  is 
identical  to  the  survival  time  of  4Tl-challenged  BALB/c. IFNy-/~ 
mice  and  significantly  shorter  than  the  survival  time  of  wild-type 
BALB/c  mice  ( P  =  0.005).  In  contrast,  the  survival  time  of  carrag¬ 
eenan-treated  BALB/c. IFNy~/_  mice  was  the  same  as  the  survival 

Table  3  Depletion  of  phagocytic  cells  by  carrageenan  treatment  increases  the  number 
of  metastatic  cells  in  the  lungs 

BALB/c,  BALB/c. Pfp'~/~,  anti-asialo-GM  1 -treated,  CD4-depleted,  CD8-dep!eted,  or 
carrageenan-treated  BALB/c  mice  were  inoculated  s.c.  in  the  abdominal  mammary  gland 
with  7  X  lO’'  4T1  cells.  Mice  were  killed  on  day  35,  and  the  numbers  of  metastatic  cells 
in  the  lungs  and  liver  were  determined  using  the  clonogenic  assay. 


Mice 

Mice  with  >10,000 
metastatic  cells  in 
the  lungs 

Mice  with  >  100 
metastatic  cells  in 
the  liver 

BALB/c 

33%  (9/27) 

59%  (16/27) 

BALB/c. Pfp-/_ 

63%  (5/8) 

88%  (7/8)" 

anti-asialo-GM  1 

63%  (5/8) 

88%  (7/8) 

CD4-depletcd 

56%  (5/9) 

ND* 

CD8-depleted 

40%  (4/10) 

ND 

Carrageenan 

80%  (8/1 0)" 

88%  (7/8) 

"  Statistically  significantly  different  from  those  of  wild-type,  untreated  BALB/c  mice 
(P  <  0.018). 

h  ND,  not  determined. 


time  of  carrageenan-treated  BALB/c  and  BALB/c. lFNy_/~  mice. 
Therefore,  the  depletion  of  host  phagocytic  cells  by  carrageenan 
treatment  resulted  in  accelerated  tumor  growth  and  decreased  sur¬ 
vival,  which  mimics  the  tumor-growth  kinetics  seen  in  BALB/ 
c.IFN~/_y  mice.  Because  the  carrageenan-treatment  and  the  IFN-y- 
depletion  effect  were  not  additive,  it  is  likely  that  these  agents  mediate 
their  effects  via  a  common  mechanism. 

DISCUSSION 

Multiple  strategies  have  been  used  to  evaluate  the  role  of  IFN-y  in 
tumor  immunity,  e.g.,  ( a )  tumor  cells  have  been  cultured  with  IFN-y 
in  vitro  (3,  5,  7,  17,  23);  ( b )  IFN-y  has  been  administered  systemically 
to  mice  and  patients  (24-26);  (c)  tumor  cell  lines  have  been  trans¬ 
fected  with  the  genes  encoding  IFN-y  or  IFN-yR  (5,  7,  19, 20,  23);  ( d) 
antibodies  to  IFN-y  have  been  administered  systemically  to  mice  (23); 
and  (e)  knockout  mice  deficient  for  IFN-y,  IFN-yR,  and  IFN-y- 
dependent  transcription  factors  (STAT-1)  have  been  challenged  with 
transplantable  syngeneic  tumors  (6-8,  27).  Most  of  these  studies  have 
been  conducted  using  primary  solid-tumor  models,  have  only  exam¬ 
ined  a  few  aspects  of  immunity  (e.g.,  T  cells  or  NK  cells  or  angio¬ 
genesis),  and/or  have  not  discriminated  as  to  whether  IFN-y  is  acting 
on  host  cells  or  directly  on  tumor  cells.  As  a  result,  it  is  difficult  to 
compare  results  from  the  various  studies  and  to  identify  the  relevant 
effector  mechanisms  that  mediate  the  IFN-y  effect.  The  shortage  of 
experimental  studies  in  metastatic  tumor  models  means  that  even  less 
is  understood  about  the  role  of  IFN-y  in  metastatic  disease.  In  the 
present  studies,  we  have  used  a  realistic  metastatic  mammary  carci¬ 
noma  model  in  which  the  primary  tumor  is  surgically  removed  to 
model  the  human  disease  situation,  and  have  comprehensively  exam¬ 
ined  multiple  avenues  of  IFN-y  activity. 
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The  significant  reduction  in  the  survival  time  and  the  increase  in 
number  of  metastatic  tumor  cells  in  BALB/c.IFNy_/_  mice  relative  to 
BALB/c  mice  demonstrate  that  IFN-y  plays  an  important  innate  role 
in  regulating  mammary  carcinoma  metastasis.  It  is  not  surprising  that 
primary  4T1  tumor  growth  does  not  differ  between  BALB/c. IFNy~/_ 
and  BALB/c  mice,  because  earlier  studies  with  the  4T1  tumor  in  an 
immunotherapy  setting  demonstrated  that  primary  and  metastatic  tu¬ 
mor  cells  frequently  respond  differently  to  immune  effectors  (13,  17). 

It  is  not  known  whether  IFN-y  regulates  tumor  growth  by  acting 
directly  on  tumor  cells  or  indirectly  by  modulating  host  cells  and/or 
factors.  Several  mechanisms  have  been  proposed  by  which  IFN-y 
directly  reduces  tumor  cell  growth:  (a)  tumor  cells  treated  in  vitro 
with  IFN-y  have  increased  tryptophan  metabolism,  which  leads  to 
tumor  cell  starvation  (3);  ( b )  tumor  cells  treated  with  IFN-y  are 
induced  to  express  chemokines  that  inhibit  angiogenesis,  thereby 
depriving  the  growing  tumor  of  the  requisite  vasculature  (5,  7);  (c) 
IFN-y-treated  tumor  cells  have  up-regulated  levels  of  MHC  class  I 
and/or  class  II  molecules,  making  them  better  targets  for  CD4+  and 
CD8+  T  cells  (23).  These  proposed  mechanisms  are  not  strongly 
supported  by  studies  in  the  literature.  Although  demonstrated  in  vitro, 
tryptophan  starvation  has  not  been  found  in  vivo.  The  results  of 
several  studies  are  consistent  with  the  hypothesis  that  the  production 
of  antiangiogenic  factors  by  tumor  cells  limits  tumor  growth  (6,  7). 
However,  none  of  these  studies  show  decreased  tumor  rejection  by 
blocking  antiangiogenesis  in  vivo.  Although  increased  MHC  class  I 
and  II  expression  should  lead  to  increased  sensitivity  to  T  cells  (23), 
it  is  unlikely  that  this  mechanism  is  responsible  for  the  IFN-y  effect, 
because  primary  tumor  rejection  of  many  tumors  is  mediated  by 
nonspecific  effectors  and  not  by  T  cells  (19,  20).  Although  these 
studies  suggest  that  tumor  cells  are  not  the  immediate  target  for 
IFN-y,  they  are  indirect,  and  more  definitive  experiments  are  neces¬ 
sary.  Our  findings  that  4Tl/IRt  cells  have  the  same  in  vivo  growth 
kinetics  as  wild-type  4T1  cells  demonstrate  that  direct  interactions  of 
IFN-y  with  tumor  cells  are  not  responsible  for  decreased  metastatic 
disease.  Therefore,  direct  action  of  IFN-y  on  tumor  cells  is  probably 
not  involved  in  the  IFN-y  effect  on  the  4T1  mammary  carcinoma. 

It  is  more  likely  that  IFN-y  mediates  its  tumor  effect  by  acting  on 
host  cells  that  secondarily  produce  factors  that  diminish  tumor  growth. 
CD119  is  expressed  on  many  cells  (28),  and  IFN-y  is  known  to 
up-regulate  the  transcription  of  hundreds  of  genes  (I),  thereby  pro¬ 
ducing  multiple  host-derived  effector  cells.  Different  studies  support 
a  role  for  IFN-y-activated  NK  cells  (8),  CD4+  and/or  CD8+  T  cells 
(6,  7),  B  cells  (9),  macrophages  (26),  and/or  non-hematopoietic- 
derived  cells  (6,  7).  With  the  exception  of  IFN-y-activated  NK  cells 
(8),  a  role  for  more  than  one  cell  type  was  implicated  in  each  of  these 
studies. 

In  contrast,  the  observation  reported  here  that  the  deletion  of 
phagocytic  cells  gives  a  tumor  phenotype  completely  overlapping 
with  IFN-y-deficient  mice  strongly  suggests  that  phagocytic  cells  are 
a  central  cell  population  for  IFN-y-mediated  innate  immunity.  Be¬ 
cause  mice  doubly  depleted  for  phagocytic  cells  and  IFN-y  (carrag¬ 
eenan-treated  BALB/c. IFNy_/_  mice)  have  the  same  tumor  pheno¬ 
type  as  singly  depleted  mice,  IFN-y  and  phagocytic  cells  do  not 
appear  to  act  additively,  which  suggests  that  they  control  tumor 
growth  via  the  same  pathway.  Therefore,  phagocytic  cells  may  be  the 
critical  cell  population  through  which  IFN-y  mediates  its  effects. 

Previous  studies  have  identified  NK  and/or  NKT  cells  (8,  29)  and 
perforin-mediated  cytotoxicity  (16)  as  critical  components  of  innate 
immunity  against  metastatic  tumor.  In  contrast,  the  present  study  did 
not  find  any  effect  of  NK  cells,  and  perforin-mediated  mechanisms 
were  only  marginally  involved.  Differences  in  the  present  studies  and 
previous  studies  may  be  the  result  of  several  factors:  (a)  previous 
studies  used  i.v.-induced  experimental  metastases  (8).  The  present 


study  uses  spontaneous  metastases.  There  may  be  significant  physio¬ 
logical  differences  between  metastases  that  are  established  as  the 
result  of  spontaneous  disease  versus  experimental  metastases,  and 
these  differences  may  dictate  the  type  of  effector  mechanisms  to 
which  the  metastatic  cells  are  susceptible;  ( b )  in  the  present  report, 
primary  tumor  was  surgically  removed,  and  spontaneous  metastatic 
disease  was  subsequently  assessed.  In  contrast,  earlier  studies  were 
performed  with  primary  tumor  in  situ,  although  one  study  used  a 
postsurgery  model  followed  by  i.v.-induced  metastases  (8).  Surgical 
removal  of  primary  tumor  may  create  a  novel  in  vivo  environment  that 
is  not  present  when  the  primary  tumor  remains  in  place.  For  example, 
large  4TI  primary  tumor  burdens  are  systemically  immunosuppres¬ 
sive.4  This  immunosuppression  may  interfere  with  or  block  some 
effector  mechanisms,  but  not  others;  (c)  the  4T1  line  used  in  the 
present  report  expresses  high  levels  of  MHC  class  I  molecules  (see 
Fig.  2 A).  This  high  level  expression  may  render  4T1  resistant  to  NK 
cell  lysis,  and,  hence,  the  deletion  of  NK  cells  does  not  greatly  impact 
4T1  growth.  Indeed,  4T1  is  not  killed  by  NK  cells  in  in  vitro  NK  cell 
assays  (14);  and  (d)  earlier  reports  did  not  assess  the  potential  in¬ 
volvement  of  macrophages,  and  additional  experiments  with  these 
other  tumor  systems  are  needed  to  clarify  the  role  of  host  phagocytic 
cells. 

Carrageenan  deletes/inactivates  phagocytic  cells  such  as  macro¬ 
phages,  immature  DCs,  and  neutrophils.  A  major  role  of  DCs  is  to 
phagocytose  antigen  for  presentation  to  T  cells.  The  finding  that  T 
cells  are  largely  unimportant  in  the  IFN-y  effect  implies  that  DCs  are 
also  not  involved.  Additional  experiments  assessing  antigen  presen¬ 
tation  activity  of  DCs  derived  from  BALB/c. IFNy“/_  versus  BALB/c 
mice  showed  no  diminished  activity,5  further  indicating  that  DCs  are 
not  a  key  player. 

Neutrophils  and  macrophages  are  also  active  phagocytic  cells. 
Although  neutrophils  are  key  cells  for  Fas/FasL-mediated  tumor  re¬ 
jection  (30,  31),  they  principally  ingest  bacteria.  Activated  macro¬ 
phages  directly  kill  tumor  cells  by  releasing  incompletely  reduced 
oxygen  intermediates,  such  as  hydrogen  peroxide  and  nitric  oxide, 
which  are  directly  toxic  to  target  cells  (1).  At  least  two  observations 
support  the  hypothesis  that  IFN-y  mediates  its  antitumor  effects  via 
phagocytic  cells  releasing  hydrogen  peroxide  and  nitric  oxide:  (a) 
mice  with  iNOS-targeted  mutations  show  reduced  inflammatory  re¬ 
sponses  to  carrageenan  and  are  resistant  to  LPS-induced  mortality  (1). 
Similarly,  carrageenan-treated  BALB/c  mice  have  reduced  LPS- 
induced  mortality.6  Therefore,  carrageenan  treatment  and  iNOS  defi¬ 
ciency  both  result  in  macrophage  dysfunction,  which  supports  the  idea 
that  iNOS  production  and  phagocytic  cells  are  linked;  ( b )  IL-13 
suppresses  innate  immunity  (32)  and  antagonizes  IFN-y-mediated 
induction  of  iNOS  (I).  These  observations  tie  together  IFN-y,  IL-13, 
iNOS  production,  and  carrageenan-treatment,  and  suggest  the  follow¬ 
ing  model  for  the  role  of  IFN-y  in  innate  immunity  to  metastatic 
tumor.  In  the  presence  of  IFN-y,  macrophages  are  activated  to  make 
iNOS  and  H202  that  directly  kill  tumor  cells.  In  carrageenan-treated 
mice,  macrophages  are  eliminated  therefore,  iNOS  is  not  produced, 
and  metastatic  tumor  cells  proliferate.  In  addition  to  activating  macro¬ 
phages,  IFN-y  also  activates  NKT  cells.  Either  activated  NKT  cells 
activate  antigen-presenting  cell  to  produce  IL-12,  which  feeds  back  to 
induce  more  IFN-y,  or  they  produce  IL-13,  which  blocks  iNOS 
production.  Therefore,  up-regulation  of  IL-13  and/or  treatment  with 
carrageenan  prevents  iNOS  production  and  limits  macrophage-in¬ 
duced  control  of  metastatic  disease. 


4  E.  Danna,  M.  Gilbert,  B.  Pulaski,  and  S.  Ostrand-Rosenberg,  unpublished  observa- 
tions. 

5  B.  Pulaski  and  S.  Ostrand-Rosenberg,  unpublished  results. 

6B.  Pulaski,  E.  Danna,  and  S.  Ostrand-Rosenberg,  unpublished  results. 
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Although  innate  immunity  triggered  by  IFN-y  succeeds  in  limiting 
tumor  growth,  it  is  not  sufficient  to  mediate  complete  tumor  destruc¬ 
tion.  Hence,  immunocompetent  mice  display  delayed  metastatic  dis¬ 
ease  and  longer  survival  times  relative  to  IFN-y-deficient  mice,  but 
they  still  die  from  metastases.  As  with  most  immune  responses,  the 
optimal  situation  would  be  the  development  of  an  adaptive  immune 
response  against  tumor  that  would  take  over  when  the  innate  response 
was  no  longer  capable  of  curtailing  tumor  progression. 

The  immunosurveillance  hypothesis  states  that  the  immune  system 
destroys  or  inactivates  newly  transformed  cells,  thereby  preventing 
the  outgrowth  of  malignant  tumors.  This  concept  has  been  controver¬ 
sial;  however,  it  has  recently  regained  support  through  experiments 
with  T-cell-  deficient  and  knockout  mice  (27,  33).  If  immunosurveil¬ 
lance  occurs,  components  of  the  innate  immune  response  are  likely  to 
be  involved.  Although  IFN~y  may  not  be  exclusively  responsible  for 
tumor  immunosurveillance,  it  is  a  strong  candidate  as  a  component  of 
innate  immunity  that  contributes  to  protection  against  the  proliferation 
of  transformed  cells. 
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Resistance  to  Metastatic  Disease  in  STAT6-Deficient  Mice 
Requires  Hemopoietic  and  Nonhemopoietic  Cells  and  Is 
IFN-y  Dependent1 
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Mice  deficient  for  the  STAT6  gene  (STAT6~/_  mice)  have  enhanced  immunosurveillance  against  primary  and  metastatic  tumors. 
Because  STAT6  is  a  downstream  effector  of  the  IL-4R,  and  1L-13  binds  to  the  type  2  IL-4R,  IL-13  has  been  proposed  as  an 
inhibitor  that  blocks  differentiation  of  tumor-specific  CD8+  T  cells.  Immunity  in  STAT6~/_  mice  is  unusually  effective  in  that 
45-80%  of  STAT6~/_  mice  with  established,  spontaneous  metastatic  4T1  mammary  carcinoma,  whose  primary  tumors  are 
surgically  excised,  survive  indefinitely,  as  compared  with  <10%  of  STAT+/+  (BALB/c)  mice.  Surprisingly,  STAT6~/_  and 
BALB/c  reciprocal  bone  marrow  chimeras  do  not  have  increased  immunosurveillance,  demonstrating  that  immunity  requires 
STAT6~/_  hemopoietic  and  nonhemopoietic  components.  Likewise,  CDl_/_  mice  that  are  NKT  deficient  and  therefore  IL-13 
deficient  also  have  heightened  tumor  immunity.  However,  STAT6~/_  and  CDl_/_  reciprocal  bone  marrow  chimeras  do  not  have 
increased  survival,  suggesting  that  immunity  in  STAT6_/_  and  CDl_/_  mice  is  via  noncomplementing  mechanisms.  Metastatic 
disease  is  not  reduced  in  BALB/c  mice  treated  with  an  IL-13  inhibitor,  indicating  that  IL-13  alone  is  insufficient  for  negative 
regulation  of  4T1  immunity.  Likewise,  in  vivo  depletion  of  CD4+CD25+  T  cells  in  BALB/c  mice  does  not  increase  survival, 
demonstrating  that  CD4+CD25+  cells  do  not  regulate  immunity.  Cytokine  production  and  tumor  challenges  into  STAT6_/~ 
IFN-'y_/_  mice  indicate  that  IFN-y  is  essential  for  immunity.  Therefore,  immunosurveillance  in  STAT6~/_  mice  facilitates  sur¬ 
vival  against  metastatic  cancer  via  an  IFN-y-dependent  mechanism  involving  hemopoietic  and  nonhemopoietic  derived  cells,  and 
is  not  exclusively  dependent  on  counteracting  IL-13  or  CD4+CD25+  T  cells.  The  Journal  of  Immunology,  2002,  169:  5796-5804. 


Mice  with  a  deleted  STAT6  gene  (STAT6^'~  mice) 
have  heightened  immunity  to  syngeneic  tumors.  They 
are  resistant  to  recurrence  of  a  primary  fibrosarcoma 
(1),  reject  a  transplanted  mastocytoma  (2),  and  have  significantly 
reduced  metastatic  disease  following  challenge  with  a  spontane¬ 
ously  metastatic  mammary  carcinoma  (3).  STAT6~/_  mice  are 
deficient  in  responsiveness  to  IL-4  and  IL-13,  two  cytokines  es¬ 
sential  for  development  of  CD4+  Th2  cells,  and  hence  preferen¬ 
tially  produce  CD4+  Thl  cells  (4-6).  It  has  been  hypothesized 
that  the  development  of  Thl  cells  optimizes  CD8-mediated  tumor 
immunity  (7),  and  hence  STAT6~/_  mice  were  thought  to  be  more 
tumor  resistant  because  they  predominantly  make  Thl  cells.  In 
vivo  depletion  studies  in  the  mammary  carcinoma  system,  how¬ 
ever,  contradicted  this  hypothesis  and  demonstrated  that  although 
CD8+  T  cells  are  essential  for  tumor  rejection  by  STAT6_/_  mice, 
CD4+  T  cells  are  not  involved  (3).  In  contrast,  depletion  of  CD4+ 
cells  increases  immunity  in  the  fibrosarcoma  system;  however,  ad¬ 
ditional  studies  suggest  that  the  enhancement  is  due  to  depletion  of 
regulatory  CD4+  NKT  cells,  rather  than  CD4  +  Th  cells  ( 1 ).  There- 


*Department  of  Biological  Sciences,  University  of  Maryland,  Baltimore,  MD  21250; 
and  ^Molecular  Immunogenctics  and  Vaccine  Research  Section,  Metabolism  Branch, 
National  Cancer  Institute,  National  Institutes  of  Health,  Bethesda,  MD  20892 

Received  for  publication  November  12,  2001.  Accepted  for  publication  September 
11,  2002. 

The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the  payment  of  page 
charges.  This  article  must  therefore  be  hereby  marked  advertisement  in  accordance 
with  18  U.S.C.  Section  1734  solely  to  indicate  this  fact. 

1  These  studies  were  supported  by  grants  from  the  U.S.  Army  Breast  Cancer  Research 
Program  (DAMD 17-01 -1-03 12)  and  National  Institutes  of  Health  (R0ICA52527  and 
R01CA84232). 

2  Address  correspondence  and  reprint  requests  to  Dr.  Suzanne  Ostrand-Rosenberg, 
Department  of  Biological  Sciences,  University  of  Maryland,  1000  Hilltop  Circle, 
Baltimore,  MD  21250.  E-mail  address:  srosenbe@umbc.edu 


fore,  heightened  tumor  immunity  in  STAT6-deficient  mice  does 
not  appear  to  be  the  result  of  the  balance  between  CD4+  Thl  and 
Th2  cells. 

As  an  alternative  explanation  to  Thl  vs  Th2  CD4+  helper  cell 
ratio,  it  has  been  proposed  that  STAT6-deficient  mice  have  en¬ 
hanced  immunity  because  they  lack  an  inhibitor  that  blocks  the 
development  of  tumor-reactive  CD8  1  T  cells  (1,  3).  In  the  primary 
fibrosarcoma  system,  IL-13  produced  by  CD41  NKT  cells  has 
been  hypothesized  as  the  inhibitor  (1).  Three  lines  of  evidence 
support  a  role  for  IL-13:  1)  IL-4Ra_/_  and  STAT6_/_,  but  not 
IL-4-'-  mice  show  the  enhanced  immunity,  and  IL-13  is  the  only 
cytokine  other  than  IL-4  known  to  use  the  IL-4Ra-chain  and 
STAT6.  2)  IL-13  is  produced  by  NKT  cells,  and  NKT  cell-defi¬ 
cient  CD1  knockout  mice  have  enhanced  immunity  to  primary, 
fibrosarcoma  tumors.  3)  Blockading  of  IL-13  with  an  IL-13  inhib¬ 
itor  results  in  heightened  immunity  to  primary  fibrosarcoma  tumor. 
Because  STAT6  is  a  downstream  effector  of  the  1L-4R  and  IL-13 
binds  to  the  type  2  IL-4R,  deletion  of  STAT6  may  be  functionally 
equivalent  to  deletion  of  IL-13  and  NKT  cells,  and  therefore  en¬ 
hanced  immunity  to  primary  tumor  in  both  CDl~/_  and 
STAT6-/~  mice  may  be  the  result  of  elimination  of  IL-13  (1).  The 
cellular  target  for  IL-13  is  unclear.  Although  CD8+  T  cells  are  the 
antitumor  effectors,  they  do  not  have  receptors  for  IL-13.  There¬ 
fore,  IL-13  may  act  on  an  intermediate  cell  through  a  downstream 
STAT6-dependent  pathway,  and  subsequently  modulate  CD8+  T 
cell  activation  (1). 

Another  potential  inhibitor  of  tumor  immunity  is  the  CD4+CD25+ 
T  cell.  The  presence  of  these  cells  inhibits  the  differentiation  of  cy¬ 
totoxic  CD8+  T  cells  against  tumors  (8),  and  their  absence  facilitates 
the  development  of  autoimmunity  (9-1 1). 

Although  STAT6-deficient  mice  have  enhanced  resistance  to 
three  independent  mouse  tumors,  it  is  not  clear  whether  the  same 
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mechanisms  mediate  heightened  immunity  to  the  fibrosarcoma, 
mastocytoma,  and  mammary  carcinoma,  or  whether  enhanced  im¬ 
munity  to  metastatic  tumor  occurs  via  the  same  mechanism  as 
enhanced  immunity  to  primary  tumor.  To  address  these  questions, 
we  have  used  the  BALB/c-derived  4T1  mouse  mammary  carci¬ 
noma  and  assessed  both  primary  tumor  growth  and  metastastic 
disease  in  STAT6~/_-  and  NKT-deficient  CD1  mice.  The  4T1 
mouse  tumor  closely  parallels  human  breast  cancer  in  its  growth 
kinetics,  pathology,  invasiveness,  poorly  immunogenic  phenotype, 
and  pattern  of  spontaneous  metastasis  to  multiple  distant  organs 
(12,  13).  Inoculation  of  small  numbers  of  4T1  tumor  cells  into  the 
mammary  gland  of  syngeneic  BALB/c  mice  causes  lethality  due  to 
lung,  liver,  bone  marrow,  and/or  brain  metastasis  within  6-8  wk 
of  inoculation.  The  4T1  tumor  also  closely  parallels  human  breast 
cancer  in  that  progression  of  metastatic  disease  is  not  affected  by 
surgical  removal  of  primary  tumor,  so  that  mice  whose  primary 
tumors  are  removed  after  metastatic  disease  is  established  also  die 
within  6-8  wk  of  initial  tumor  inoculation  (13).  Because  4T1  tu¬ 
mor  cells  are  resistant  to  6-thioguanine,  the  number  of  metastatic 
cells  in  distant  organs  can  be  quantified  using  a  clonogenic  assay 
(12,  14,  15).  Metastatic  disease  following  surgical  removal  of  pri¬ 
mary  tumor  is  the  principal  cause  of  death  in  patients  with  solid 
tumors  (16).  Therefore,  the  4T1  tumor  also  allows  us  to  assess 
tumor  immunity  in  an  animal  model  that  closely  parallels  human 
cancer,  by  assessing  survival  of  mice  whose  primary  tumors  are 
surgically  removed. 

Our  studies  show  that  tumor  immunity  in  STAT6~/_  mice  is 
unusually  effective  in  that  45-80%  of  STAT6_/_  mice  with  es¬ 
tablished,  spontaneous  metastatic  disease,  whose  primary  tumors 
have  been  surgically  excised,  survive  indefinitely,  as  compared 
with  <10%  of  wild-type  BALB/c  mice.  Surprisingly,  experiments 
with  STAT6-/~  and  wild-type  BALB/c  reciprocal  bone  marrow 
chimeric  mice  and  autologous  bone  marrow  chimeras  indicate  that 
enhanced  immunity  requires  STAT6~/_  hemopoietic  and  nonhe- 
mopoietic  derived  components.  Similar  experiments  with  CDl_/“ 
mice  confirm  earlier  results  that  CDl_/_  mice  have  heightened 
tumor  immunity  to  primary  tumors  and  demonstrate  that  they  also 
are  highly  resistant  to  metastatic  disease.  However,  STAT6_/~ 
and  CDl-/_  reciprocal  bone  marrow  chimeras  do  not  have  in¬ 
creased  tumor  immunity,  suggesting  that  heightened  immunity  in 
STAT6~/_  and  CDl_/_  mice  is  achieved  via  different  mecha¬ 
nisms  or  different  steps  in  a  regulatory  pathway.  Studies  aimed  at 
clarifying  the  role  of  IL-13  in  tumor  immunity  demonstrate  that 
neither  4T1  primary  tumor  growth  nor  metastatic  disease  is  re¬ 
duced  in  mice  treated  with  an  IL-13  inhibitor,  in  contrast  to  the 
results  with  the  fibrosarcoma  primary  tumor.  Therefore,  height¬ 
ened  tumor  immunity  in  STAT6-deficient  and  CDl-deficient  mice 
confers  a  distinct  survival  advantage  on  mice  with  established  met¬ 
astatic  mammary  cancer;  however,  the  underlying  mechanism  of 
enhanced  immunity  differs  from  the  mechanism  responsible  for 
increased  immunity  to  primary  fibrosarcoma  tumor  and  is  not 
solely  dependent  on  elimination  of  IL-13  or  CD4  1  CD25  1  T  reg¬ 
ulatory  cells. 

Materials  and  Methods 

Mice,  cells,  and  tumor  inoculations 

BALB/c,  BALB/c  STAT6_/“  (henceforth  called  STAT6_/_),  and  BALB/c 
CDl-/~  (henceforth  called  CDl_/_)  mice  were  bred  in  the  University  of 
Maryland  Biology  Department  animal  facility  from  breeding  pairs  obtained 
from  The  Jackson  Laboratory  (Bar  Harbor,  ME),  M.  Grusby  (Dana-Farber 
Cancer  Institute,  Boston,  MA),  and  L.  van  Kaer  (Washington  University, 
St.  Louis,  MO),  respectively.  BALB/c  IL-4Ra-deficient  (henceforth  called 
IL-4R«~/_)  mice  were  purchased  from  The  Jackson  Laboratory. 
STAT6_/_  and  CD  I  mice  were  originally  made  by  targeted  disruption 
ofthe  STAT6andCDl  genes,  respectively,  in  129  ES  cells.  Offspring  were 


backcrossed  to  BALB/c  mice  (10  backcross  generations  for  STAT6_/“;  9 
backcross  generations  for  CDl_/_)  (17-19).  Female  mice  of  8-16  wk 
were  used  for  all  studies. 

STAT6-/~IFN--y_/_  mice  were  generated  by  crossing  STAT6-/_  mice 
with  IFN-y_/_  BALB/c  mice.  Heterozygous  offspring  were  intercrossed, 
and  the  F2  were  screened  by  PCR  for  homozygosity  for  STAT6-/~  and 
IFN--y-/~.  Ear  punch  tissue  of  individual  mice  was  placed  in  a  0.5-ml 
microfuge  tube,  and  20  jul  of  50  mM  Tris-HCl  (pH  8.0),  2  mM  NaCl,  10 
mM  EDTA,  1%  SDS,  and  1  /u.1  of  20  mg/ml  proteinase  K  (Bochringer 
Mannheim,  Indianapolis,  IN)  were  added.  Tubes  were  incubated  at  55°C 
for  20  min,  and  after  vigorous  vortexing  for  2  min,  the  mixture  was  incu¬ 
bated  for  an  additional  20  min  at  55°C.  Sterile  distilled  water  was  then 
added  to  each  tube  to  a  final  total  volume  of  200  /xl,  and  the  tubes  were  heated 
at  100°C  for  5  min.  The  following  primers  were  used:  STAT6,  5'  primer, 
TGAGGTGGGGACCAGCCGG;  STAT6,  3'  primer,  GTGACCAGGACAC 
ACAGCGG;  Neo-STAT6,  primer,  GCTACCCGTGATATTGCTGAAGAG; 
IFN-y,  5'  primer,  AGAAGTAAGTGGAAGGGCCCAGAAG;  IFN-y,  3' 
primer,  AGGGAAACTGGGAGAGGAGAAATAT;  IFN-y  Neo,  5’  primer, 
TCAGCGCAGGGGCGCCCGGTTCTTT ;  IFN-y  Neo,  3'  primer,  ATCGA 
CAAGACCGGCTTCCATCCGA.  PCR  conditions  for  both  IFN-y  and 
STAT6  genes  were:  denature  at  94°C  for  5  min,  denature  at  94°C  for  1  min, 
anneal  at  59°C  for  1  min,  extend  at  72°C  for  1 .3  min,  repeat  the  last  three  steps 
34  times,  extend  at  72"  for  9  min.  PCR  products  were  electrophoresed  on  2% 
agarose  gels.  The  wild-type  STAT6  and  STAT6-deletion  genes  produce  100- 
and  250-kb  bands,  respectively  (17).  The  wild-type  IFN-y  and  IFN-y-deletion 
genes  produce  220-  and  375-bp  bands,  respectively  (www.jax.org/resources/ 
documents/imr/protocols/I  fng_KO.html). 

The  4T1  mammary  carcinoma  cells  were  maintained  in  culture  and  in¬ 
oculated  into  the  abdominal  mammary  gland,  and  mice  were  followed  for 
survival,  as  described  (12,  13).  Primary  tumors  were  measured  using  an 
electronic  calipers.  Reported  measurements  are  the  square  root  of  the  prod¬ 
uct  of  two  perpendicular  diameters.  Numbers  of  metastatic  cells  in  lung, 
liver,  bone  marrow,  and  brain  were  determined  using  the  clonogenic  me¬ 
tastasis  assay  in  which  dissociated  organ  cells  were  cultured  in  medium 
supplemented  with  6-thioguanine  (12-14). 

Surgical  removal  of  primaiy  mammary  tumors 

BALB/c,  STAT6-/~,  CDl~/_,  and  chimeric  mice  were  inoculated  in  the 
abdominal  gland  with  7000  4T1  cells,  and  primary,  solid  tumors  were 
surgically  removed,  as  described  (13,  20),  with  the  following  modifica¬ 
tions:  primary  tumors  were  removed  16-21  days  after  4T1  inoculation 
when  they  were  between  2  and  9  mm  in  diameter  and  well  vascularized. 
More  than  95%  of  mice  survived  surgery.  Postsurgery  mice  were  followed 
for  metastasis  development  and/or  survival.  Mice  in  which  primary  tumors 
recurred  at  the  site  of  the  original  tumor  inoculation  were  omitted  from  the 
study.  These  mice  were  less  than  5%  of  operated  mice. 

Bone  marrow  chimeras 

STAT6-/_  mice  containing  BALB/c  bone  marrow  (BALB/c— >STAT6-/_), 
BALB/c  mice  containing  STAT6_/~  bone  marrow  (STAT6_/_— »BALB/c), 
STAT6_/_  mice  containing  CDl-/~  bone  marrow  (CDl_/_— »STAT6~/_), 
and  CDl_/“  mice  containing  STAT6_/~  bone  marrow  (STAT6-/--» 
CDl_/_)  were  constructed  as  follows  using  aseptic  conditions.  Donor  mice 
were  asphyxiated  with  C02  and  immersed  in  70%  ethanol,  and  their  hind 
legs  were  removed  at  the  hip.  Femurs  were  dissected  away  from  the  sur¬ 
rounding  tissue,  their  ends  were  cut  off,  and  the  remaining  bone  was 
flushed  three  times  with  sterile  PBS  using  a  30-ml  syringe  fitted  with  a 
27-gauge  needle.  Bone  marrow  cells  were  collected  in  petri  dishes  and 
transferred  to  15-ml  conical  tubes,  and  the  aggregated  material  was  allowed 
to  gravity  settle  and  was  discarded.  The  remaining  bone  marrow  cells  were 
washed  twice  with  PBS  and  resuspended  in  medium  (RPMI,  1%  penicillin, 
1%  streptomycin,  1%  fungizone)  at  200  p.1  per  donor  mouse.  Recipient 
mice  were  taken  off  food  the  evening  before  bone  marrow  transfer.  Be¬ 
tween  0  and  2  h  before  bone  marrow  reconstitution,  recipient  mice  were 
lethally  irradiated  (8.75  Gy,  Cs-137  source,  Gammator  B;  Kewaunee  Sci¬ 
entific,  Statesville,  NC).  Bone  marrow  was  inoculated  into  recipient  mice 
through  the  tail  vein  using  a  !-ml  syringe  fitted  with  a  27-gauge  needle. 
Each  recipient  received  100  p.1  of  donor  cells  (bone  marrow  from  one 
donor  femur).  Reconstituted  mice  received  daily  injections  of  gentamicin 
sulfate  i.p.  (100  ;ul  of  5  mg/ml)  for  7  days  beginning  1  day  before  bone 
marrow  reconstitution.  Reconstituted  mice  were  maintained  on  2%  tetra¬ 
cycline  water  starting  1-2  wk  before  bone  marrow  transfer  and  continuing 
for  6-8  wk  after  reconstitution.  Eight  to  12  wk  after  bone  marrow  recon¬ 
stitution,  chimeras  were  bled  from  the  tail  vein,  and  the  blood  was  tested 
by  PCR  to  ascertain  hemopoietic  genotype  and  reconstitution. 

All  animal  procedures  have  been  reviewed  and  approved  by  the  Uni¬ 
versity  of  Maryland  or  National  Cancer  Institute  Institutional  Animal  Care 
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and  Use  Committee,  and  comply  with  National  Institutes  of  Health  guide¬ 
lines  for  the  humane  treatment  of  laboratory  animals. 

Treatment  with  soluble  IL-1 3Ra2-Fc 

BALB/c  mice  were  inoculated  with  7000  4T1  cells  in  the  abdominal  mam¬ 
mary  gland  on  day  0  and  given  soluble  IL-13R«2-Fc  (sIL-13R«2-Fc)3  (0.2 
mg/200  /xl/dose)  every  other  day  from  day  0  to  14.  Control  mice  were 
treated  with  human  IgG  having  the  same  Fc  as  the  Fc  of  the  IL- 1 3  inhibitor. 

CTL  assays 

BALB/c,  STAT6-/_,  and  bone  marrow  chimeric  mice  were  immunized 
with  50  Gy-irradiated  4T1  cells  (1  X  106  cells  i.p.)  once  every  ~14  days 
for  three  to  five  immunizations.  Splenocytes  of  immunized  mice  were  har¬ 
vested  5  days  after  the  last  immunization  and  used  as  effector  cells  in 
overnight  ( — 1 6-h)  assays.  CTL  assays  were  performed  as  described  (3). 
Percent  specific  activity  is  the  percentage  of  cytotoxicity  against  4T1  tar¬ 
gets  minus  percentage  of  cytotoxicity  against  B16  targets. 

Flow  cytometry 

Mouse  splenocytes  were  characterized  by  flow  cytometry  using  the  fol¬ 
lowing  mAbs:  CD3  F1TC,  CD4  PE,  B220  PE,  Mac-1  FITC  (Caltag,  Bur¬ 
lingame,  CA),  as  described  (3). 

CD4  '  CD25  '  T  cell  depletions 

The  hybridoma  PC61  secreting  anti-CD25  mAb  (IL-2Ra-specific,  rat 
IgGl)  (21)  was  obtained  from  American  Type  Culture  Collection  (Man¬ 
assas,  VA)  and  was  purified  by  protein  G  affinity  column  from  culture 
supernatants,  as  previously  described  (12).  For  in  vivo  depletions,  mice 
were  given  800  ptg  in  100  pi  PBS  i.p.,  as  described  (8),  on  day  —4  and 
were  inoculated  on  day  0  with  7000  4T1  cells  in  the  abdominal  mammary 
gland.  For  experiments  monitoring  survival  after  surgery,  mice  were  given 
800  pg  PC6-5.3  in  100  p\  PBS  i.p.  on  day  —4  after  inoculation  of  7000 
4T1  cells;  primary  tumor  was  surgically  removed  on  day  20;  and  mice  were 
followed  for  survival.  Efficiency  of  mAb  depletion  of  CD4+CD25+  T  cells 
was  ascertained  by  double-staining  splenocytes  of  treated  mice  with  di¬ 
rectly  coupled  CD25-specific  mAb  (CD25  FITC;  BD  PharMingen,  San 
Diego,  CA)  and  CD4-specific  mAb  (GK1.5  PE;  BD  PharMingen)  3  days 
and  1  wk  after  inoculation  of  mAb  PC6-5.3.  Undepleted  mice  showed 
~10%  of  the  splenocytes  as  CD4+CD25  +  ;  depleted  mice  had  1-2%  of 
their  cells  as  CD4+CD25+. 

Cytokine  production 

Naive  or  surgery-survivor  mice  were  inoculated  in  an  abdominal  mammary 
gland  and/or  i.p.  with  105  or  106  live  or  irradiated  4T1  cells.  Draining 
lymph  nodes  or  spleens  were  removed  5  days  later,  and  1  X  106  lympho¬ 
cytes  were  cocultured  with  3  X  105  80  Gy-irradiated  4T1/B7.1  or  B16 
melFlO  stimulator  cells  in  a  total  volume  of  I  ml  in  24-well  plates  (RPM1, 
10%  FCS,  5  X  10-5  M  2-ME,  1%  penicillin,  1%  streptomycin).  Superna¬ 
tants  were  harvested  48  h  later  and  tested  in  triplicate  by  ELISA  for  IL-2, 
IL-4,  and  IFN-y,  according  to  the  manufacturer’s  directions  (Pierce/Endo- 
gen,  Rockford,  IL).  Specific  cytokine  release  was  determined  by  subtract¬ 
ing  nonspecific  release  (B16  melFlO  stimulators)  from  4T1 -stimulated 
release. 

Statistical  analyses 

Data  were  analyzed  using  unpaired  Student’s  t  tests  (Microsoft  Excell, 
Redmond,  WA). 

Results 

Following  surgical  removal  of  primary  tumor,  STAT6 _/_  mice 
reject  lung,  liver,  and  bone  marrow  metastasis  and  survive 

To  assess  the  potency  of  the  STAT6  antitumor  effect  against  es¬ 
tablished  metastatic  tumor,  BALB/c  and  STAT6~/~  mice  were 
inoculated  with  4T1  cells,  and  followed  for  development  of  me¬ 
tastasis  and  survival  after  surgical  removal  of  primary  tumor. 
Groups  of  BALB/c  and  STAT6_/_  mice  were  inoculated  in  the 
abdominal  mammary  gland  with  7000  4T1  tumor  cells,  and  the 
tumors  were  allowed  to  grow  progressively.  Although  primary  tu¬ 
mors  in  STAT6~/_  mice  grow  more  slowly  than  primary  tumors  in 


3  Abbreviations  used  in  this  paper:  sIL-I3R«2-Fc,  soluble  IL-13Rc*2-Fc;  TD,  tumor 
diameter. 


BALB/c  mice  (3),  most  tumors  were  2-9  mm  in  diameter  within 
2-3  wk  of  4T1  inoculation.  Previous  studies  demonstrated  that 
mice  with  primary  tumors  >2  mm  in  diameter  have  established 
metastatic  disease  (13).  Surgical  removal  of  primary  tumors  was 
completed  over  a  7-day  period  so  that  sizes  of  primary  tumors 
between  the  BALB/c  and  STAT6~/_  groups  could  be  matched. 
Because  metastasis  is  not  reliably  established  when  primary  tu¬ 
mors  are  smaller  than  2  mm  in  diameter  (13),  mice  with  tumors  <2 
mm  in  diameter  were  omitted  from  the  experiment.  Three  to  four 
weeks  after  surgery  (42-45  days  post-4Tl  inoculation),  mice  were 
sacrificed,  and  the  lungs,  liver,  and  bone  marrow  were  isolated. 
The  number  of  metastatic  cells  in  each  organ  was  determined  using 
the  clonogenic  assay  (12). 

As  shown  in  Table  I,  &60%  of  postsurgery  STAT6~/_  mice  (12 
of  20)  do  not  have  detectable  metastasis  in  the  lungs,  liver,  or  bone 
marrow,  while  only  7.5%  of  intact  BALB/c  mice  (1  of  13)  are  free 
of  metastasis.  Those  STAT6~/_  mice  that  have  organ  metastases 
have  fewer  metastatic  cells  per  organ  than  BALB/c  mice  (a  max¬ 
imum  of  3383  metastatic  cells/organ  in  STAT6~/_  mice  vs  2.8  X 
105  in  BALB/c  mice).  Therefore,  the  majority  of  STAT6-/~  mice 
are  resistant  to  the  outgrowth  and  development  of  4T1  metastasis 
if  the  primary  mammary  tumor  is  surgically  removed. 

To  determine  whether  the  reduced  number  of  metastatic  cells  in 
STAT6~/_  mice  translates  into  increased  survival  time,  additional 
groups  of  BALB/c  and  STAT6~/_  mice  were  inoculated  with  4T1 
cells  in  the  mammary  gland,  and  primary  tumors  were  surgically 
removed  as  per  the  experiment  of  Table  I.  The  resulting  mice  were 
observed  for  survival.  As  shown  in  Fig.  1  A,  67%  of  STAT6-/~ 
mice  (12  of  18)  survived  >175  days,  while  only  8.3%  of  BALB/c 
mice(l  of  1 2)  survived.  Many  postsurgery  STAT6~/_  mice,  there¬ 
fore,  appear  to  have  completely  rejected  or  inhibited  the  growth  of 
their  metastatic  tumors. 

In  earlier  studies,  it  was  noted  that  mice  with  larger  primary 
tumors  at  the  time  of  surgery  tended  to  have  more  metastatic  cells 
in  their  lungs,  livers,  and  brains.  To  test  whether  the  resistance  of 
STAT6_/_  mice  is  limited  by  the  size  of  the  primary  tumor,  we 
examined  survival  time  in  days  vs  tumor  diameter  (TD)  at  the  time 
of  surgery.  The  data  shown  in  Fig.  15  are  the  pooled  results  of 
three  independent  experiments  in  which  BALB/c  and  STAT6“/_ 
mice,  respectively,  were  inoculated  in  the  mammary  gland  with 
7000  4T1  cells,  and  primary  tumors  were  surgically  removed  at 
2.5-3  wk.  In  this  aggregate  group,  63%  (24  of  38)  of  STAT6_/~ 
mice  survived  indefinitely  (>150  days),  vs  only  6%  (2  of  36)  of 
BALB/c  mice.  Survival  of  STAT6_/_  mice  did  not  correlate  with 
size  of  primary  tumor  at  the  time  of  surgery,  indicating  that  resis¬ 
tance  in  STAT6-/~  mice  is  independent  of  primary  tumor  size.  A 
large  percentage  of  STAT6~/_  mice,  therefore,  is  resistant  to 
spontaneous  metastatic  mammary  carcinoma  if  the  primary  tumor 
is  removed,  regardless  of  the  size  of  the  primary  tumor,  while  most 
wild-type  BALB/c  mice  are  highly  susceptible. 

STAT6~/~  mice  that  have  survived  an  initial  4TI  challenge  are 
immune  to  subsequent  spontaneous  metastatic  disease 

In  earlier  studies,  CD8  1  T  cells  were  shown  to  be  required  for 
limiting  tumor  growth  in  STAT6-/~  mice,  indicating  that  tumor 
resistance  is  immune  mediated  (3).  In  these  earlier  experiments, 
primary  tumors  remained  in  place,  and  all  mice  eventually  died 
from  tumor,  even  though  metastatic  disease  developed  more 
slowly  in  STAT6~/_  mice  than  in  BALB/c  mice.  However,  many 
STAT6-/~  mice  with  established  metastasis  survive  indefinitely  if 
their  primary  tumor  is  surgically  removed  (Fig.  1  A).  To  determine 
whether  these  survivors  have  enhanced  immunity  and  long-term 
memory,  they  were  rechallenged  with  4T1  tumor.  STAT6_/~  mice 
whose  primary  tumors  were  removed  and  who  survived  >185 
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Table  I.  The  majority  of  STAT6  7  mice  are  metastasis  free  after  surgical  removal  of  the  primary  mammary  tumor* 


BALB/c* 

STAT6“'~‘ 

Organ 

Mice  with 
metastasis  (% J* 

Metastatic  cells/organ^ 

Mice  with 
metastasis  (%)4/ 

Metastatic  cells/organ^ 

Lung 

92.5 

1228  -  2.8  X  I05 
(6  X  104  ±  9.2  X  104) 

40 

5-33831' 

(1158  ±  1315) 

Bone  marrow 

54 

1-612 
(94  ±  176) 

0 

0 

Liver 

92 

5  -  1.9  X  !04 
(3431  ±6164) 

15 

50-530 
(214  ±  186) 

“  B ALB/c  and  STAT6“/_  mice  were  inoculated  with  7000  4T1  cells  in  the  mammary  gland.  Two  to  3  wk  later,  the  primary  tumors  were  surgically 
removed.  On  days  42-45  after  initial  4T1  inoculation,  mice  were  sacrificed,  and  the  lungs,  liver,  and  bone  marrow  were  assayed  by  the  clonogenic  assay 
for  the  number  of  metastatic  4TI  cells.  Average  diameter  of  primary  BALB/c  vs  STAT6“/_  tumors  at  the  time  of  surgery:  4.99  mm  ±  1.42  vs  4.38  ± 
1.31,  respectively. 

h  Thirteen  mice  per  group. 
c  Twenty  mice  per  group. 

^Number  of  metastatic  cells  determined  by  the  clonogenic  assay.  Top  number  is  the  range  of  metastatic  cells;  number  in  parentheses  is  the  average 
number  of  metastatic  cells  ±  SD.  Calculation  includes  only  those  mice  with  metastasis. 

l’A  statistically  significant  difference  between  the  STAT6_/_  and  BALB/c  values  (p  s  0.05)  for  the  number  of  metastatic  cells  per  organ. 


days  (STAT6~/_  surgery  survivors  from  the  experiment  shown  in 
Fig.  1  A)  were  rechallenged  in  the  mammary  gland  with  7000  4T1 
cells  and  followed  for  primary  tumor  development  and  survival. 
The  single  BALB/c  surgery  survivor  from  Fig.  \A  was  also  re¬ 
challenged,  as  were  naive  BALB/c  and  STAT6_/~  mice.  A  control 
group  of  STAT6_/_  mice  whose  primary  tumor  was  recently  re¬ 
moved,  but  which  had  not  as  yet  gone  through  long-term  survival 
and  was  not  reinoculated  with  4T1  (STAT6~/_  surgery  group), 
was  also  included. 

As  shown  in  Fig.  2,  the  BALB/c  surgery  survivor  and  naive 
BALB/c  mice  are  dead  by  day  50,  while  naive  STAT6-/~  mice  die 
more  slowly,  but  100%  are  dead  by  day  88.  In  contrast,  75%  of  the 
STAT6_/_  long-term  surgery  survivors  survive  >350  days  after 
their  second  4T1  challenge,  whereas  only  45%  of  STAT6_/_  sur¬ 
gery  mice  survived  long  term.  Surgical  removal  of  primary  tumor, 
therefore,  results  in  induction  of  long-term  antitumor  immunity  in 
up  to  75%  of  STAT6~/_  mice,  or  selects  for  animals  that  are  more 
inherently  resistant. 

Enhanced  tumor  immunity  requires  both  hemopoietic  and 
nonhemopoietic  components 

We  originally  hypothesized  that  deletion  of  the  STAT6  gene  re¬ 
sulted  in  skewing  of  the  CD4  1  T  cell  population  toward  a  Thl 
phenotype,  thereby  enhancing  CD8-mediated  tumor  immunity. 
However,  Ab  depletion  experiments  demonstrated  that  although 
CD8 '  T  cells  are  involved,  CD4  1  T  cells  are  not  required  (3). 
Deletion  of  the  STAT6  gene,  therefore,  results  in  enhanced  tumor 
immunity  via  a  mechanism  independent  of  Thl  CD4  '  T  cells.  To 
understand  the  mechanism  of  enhanced  immunity  in  STAT6-/~ 
mice,  we  need  to  identify  the  cells  that  must  be  STAT6  deficient. 
Because  CD8  1  T  cells  are  the  effector  cells  against  4T1  tumor  (3), 
we  asked  whether  it  was  sufficient  that  CD8  1  T  cells  be  knocked 
out  for  the  STAT6  gene.  To  test  this  hypothesis,  BALB/c  mice 
with  STAT6_/_  bone  marrow  were  prepared.  Experimental  chi¬ 
meras  (STAT6~/_  bone  marrow  into  lethally  irradiated  BALB/c 
mice;  STAT6-/--h>BALB/c),  control  chimeras  (BALB/c  bone 
marrow  into  lethally  irradiated  STAT6~/_  mice;  BALB/ 
c— >STAT6~/“),  and  control  naive  STAT6~/_  and  BALB/c  mice 
were  inoculated  in  the  abdominal  mammary  gland  with  7000  4T1 
cells.  Onset  and  progression  of  primary  tumors  did  not  signifi¬ 
cantly  differ  between  the  groups.  Primary  tumors  were  surgically 
removed  15-21  days  later  when  they  measured  between  2.8  and  7 
mm  in  diameter  and  when  metastatic  disease  was  firmly  estab¬ 
lished.  The  mice  were  then  followed  for  survival.  As  shown  in  Fig. 


3 A,  the  chimeras  and  control  BALB/c  mice  are  dead  by  day  45 
post-4Tl  inoculation,  while  46%  of  the  STAT6~/_  mice  survive 
>350  days.  STAT6~/_  hemopoietic  derived  cells,  therefore,  are 
not  sufficient  for  enhanced  tumor  immunity,  suggesting  that 
STAT6~/_  nonhemopoietic  derived  cells  or  both  hemopoietic  and 
nonhemopoietic  STAT6_/_  cells  are  required. 

To  test  this  hypothesis  and  to  assure  that  lethal  irradiation  did 
not  destroy  an  essential  component  for  antitumor  immunity,  au¬ 
tologous  bone  marrow  chimeras  were  prepared.  BALB/c  and 
STAT6-/~  mice  were  lethally  irradiated  and  reconstituted  with 
syngeneic  bone  marrow  (BALB/c  bone  marrow  into  BALB/c 
mice,  BALB/c— >BALB/c;  and  STAT6~/~  bone  marrow  into 
STAT6_/_  mice,  STAT6~/_— >STAT6_/_).  These  chimeras 
along  with  control  naive  BALB/c  and  STAT6_/_  mice  were  in¬ 
oculated  with  7000  4T1  cells  in  the  abdominal  mammary  gland. 
Primary  mammary  tumors  were  surgically  removed  at  2-3  wk 
when  tumors  were  3-6  mm  in  diameter,  and  the  mice  were  fol¬ 
lowed  for  survival.  As  shown  in  Fig.  35,  100%  of  the  control  naive 
BALB/c  and  89.9%  of  the  BALB/c-»  BALB/c  chimeras  died  by 
day  47  post-4Tl  inoculation.  In  contrast,  57.1%  of  the  STAT6_/_ 
mice  and  75%  of  the  STAT6_/_— >STAT6_/_  chimeras  survive 
2:100  days.  Enhanced  immunity,  therefore,  requires  cells  and/or 
components  derived  from  both  hemopoietic  and  nonhemopoietic 
compartments. 

Earlier  in  vivo  depletion  studies  demonstrated  that  CD8+  T  cells 
are  required  for  enhanced  immunity  to  4T1  mammary  carcinoma 
in  STAT6-/~  mice.  In  vitro  assays  using  splenocytes  from 
BALB/c  and  STAT6_/~  mice  immunized  with  4T1  showed  a 
strong  correlation  between  tumor  rejection  and  the  development  of 
tumor-specific  CD8+  CTL  (3).  To  further  test  whether  CTL  ac¬ 
tivity  reflects  antitumor  activity,  bone  marrow  chimeric  mice  were 
immunized  with  irradiated  4T1  tumor  cells,  and  splenocytes  were 
tested  for  CTL  activity  against  4T1  and  irrelevant  B16  melanoma 
target  cells.  As  shown  in  Fig.  3C,  4T1  -immunized  STAT6“/_mice 
have  specific  CTL  activity,  while  STAT6_/~—> BALB/c,  BALB/ 
c->STAT6-/~,  and  BALB/c  mice  do  not.  Splenocyte  in  vitro  cy¬ 
totoxic  activity  to  tumor,  therefore,  correlates  with  in  vivo  tumor 
rejection,  and  STAT6~/_  bone  marrow  reconstitution  alone  is  not 
sufficient  to  generate  tumor-specific  cytotoxic  activity. 

CDl-deficient  mice  have  enhanced  immunity  to  metastatic 
mammaty  carcinoma,  but  not  to  primaty  mammaty  carcinoma 

Earlier  studies  identified  NKT  cells  and  1L-13  as  potential  inhib¬ 
itors  of  tumor  immunity  to  the  HIV  gp  160- transfected  15-12RM 
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FIGURE  1.  A  majority  of  STAT6_/~  mice  survive  metastatic  mammary 
carcinoma  following  surgical  removal  of  primary  tumor.  STAT6_/~  and 
BALB/c  mice  were  inoculated  in  the  abdominal  mammary  gland  with  7000 
4T 1  cells.  Later  (2-2.5  wk),  primary  tumors  were  surgically  removed  and  mice 
were  followed  for  survival.  A,  Average  primary  TD  ±  SD  (mm)  at  the  time  of 
surgery  were  STAT6-/_,  4.51  ±  1.27;  BALB/c,  4.87  ±  1.62.  Values  in 
parentheses  are  the  number  of  mice  per  group.  B,  Survival  time  plotted  as  a 
function  of  TD  at  the  time  of  surgery.  Data  are  pooled  from  three  independent 
experiments.  Each  BALB/c  or  STAT6~/_  group  in  each  individual  experiment 
contained  7-18  mice,  for  a  total  of  36  BALB/c  and  38  STAT6-/~  mice. 


11  fibrosarcoma  (1).  To  determine  whether  NKT  cells  and  IL-13 
also  inhibit  immunity  to  metastatic  4T1  tumor,  NKT  cell-deficient 
and  IL- 13-deficient  CDl-/~  mice  were  tested.  CDI_/_  mice  were 
inoculated  in  the  abdominal  mammary  gland  with  7000  4T1  cells. 
Primary  tumors  were  removed  from  the  CDl_/_  and  control 
BALB/c  and  STAT6-/~  mice  at  2-3  wk,  and  the  mice  were  fol¬ 
lowed  for  survival.  As  shown  in  Fig.  4A,  100%  of  control  BALB/c 
mice  were  dead  by  day  52,  while  80  and  60%  of  CDl_/~  and 
STAT6-/~  mice,  respectively,  survived  >100  days.  Elimination 
of  NKT  cells  and  accompanying  reduction  in  IL-13,  therefore,  pro¬ 
duce  resistance  to  4T1  metastasis. 

To  ascertain  whether  primary  tumor  growth  is  affected  by  NKT 
and  IL-13  deficiency,  the  4T1  solid  tumors  of  the  mice  in  Fig.  4 
were  measured  at  the  time  of  surgery.  As  shown  in  Table  II,  100% 
of  CDl~/_  and  BALB/c  mice  develop  primary  tumors  at  the  in¬ 
oculation  site  (abdominal  mammary  gland)  within  2  wk  of  inoc¬ 
ulation  of  7000  4T1  cells.  The  primary  tumors  in  the  CDl_/_  mice 
are  slightly  larger  than  tumors  in  the  BALB/c  group  (p  <  0.05).  In 
contrast,  only  50%  of  STAT6~/_  mice  develop  tumors.  Therefore, 
primary  4T1  tumor  growth  in  NKT-deficient  mice  is  not  reduced 


Day  After  4T1  Inoculation  or  Re-lnoculatlon 
— • —  naive  BALB/c  (14) 

— A —  StatB-/- surgery  (13) 

_  BALB/c  surgery  survivor, 

re-inoculated  185  days  post-surgery  (1) 

n  state-/-  surgery  survivor, 

’  re-inoculated  185  days  post-surgery  (12) 

— ■ —  naive  Stat6-/-  (9) 

FIGURE  2.  STAT6_/_  survivor  mice  are  immune  to  subsequent  inoc¬ 
ulations  of  4T1  tumor.  STAT6_/_  and  BALB/c  survivor  mice  from  Fig.  1 A 
were  reinoculated  in  the  abdominal  mammary  gland  with  7000  4T1  cells  and 
followed  for  survival.  Control  and  comparison  groups  included  BALB/c  and 
STAT6_/_  mice  whose  primary  tumors  were  not  surgically  removed  (naive 
BALB/c  and  naive  STAT6_/_),  and  STAT6-/~  mice  whose  primary  tumors 
were  removed,  but  not  reinoculated  with  4T1  (STAT6_/~  surgery).  Values  in 
parentheses  are  the  number  of  mice  per  group. 


relative  to  primary  tumor  growth  in  BALB/c  mice,  indicating  that 
deletion  of  NKT  cells  does  not  enhance  immunity  to  primary 
mammary  carcinoma. 

Chimeric  mice  of  STAT6~/~  bone  marrow  in  CD1~ 
recipients,  and  vice  versa,  do  not  have  enhanced  tumor 
immunity  to  mammary  carcinoma  metastasis 

As  seen  in  the  experiments  of  Fig.  3,  enhanced  immunity  in 
STAT6~;~  mice  requires  hemopoietic  and  nonhemopoietic  de¬ 
rived  cells.  If  STAT6-/~  and  C'Dl  mice  share  a  common 
mechanism  underlying  their  enhanced  immunity,  then  chimeras  of 
STAT6_/_  or  CDl~/_  bone  marrow  and  recipients  may  have  en¬ 
hanced  immunity.  To  test  this  hypothesis,  STAT6-/~  recipients 
were  reconstituted  with  CDl~/_  bone  marrow  (CDl~/_— > 
STAT6~'~  chimeras),  and  CDl-/~  recipients  were  reconstituted 
with  STAT6-/~  bone  marrow  (STAT6_/“— >CD1  The  chi¬ 

meras,  along  with  control  STAT6-/“,  CDl~/_,  and  wild-type 
BALB/c  mice,  were  challenged  with  7000  4T1  cells  in  the  abdom¬ 
inal  mammary  gland,  their  primary  tumors  were  removed  2-3  wk 
later,  and  the  mice  were  followed  for  survival  time.  As  shown  in 
Fig.  45,  70%  of  STAT6_/_  and  100%  of  GDI -/~  mice  survived 
>150  days,  while  100%  of  both  chimeras  died  within  53  days. 
Therefore,  STAT6~/_  and  CDl-/~  hemopoietic  derived  cells  are 
not  equivalent  in  terms  of  tumor  immunity,  and  it  is  likely  that 
enhanced  immunity  in  STAT6-/~  and  CDl-/"~  mice  is  mediated 
by  different  mechanisms,  or  that  they  have  defects  in  distinct  steps 
of  the  relevant  regulatory  pathway. 

Inhibition  of  IL-13  in  BALB/c  mice  does  not  facilitate  tumor 
immunity  to  primaiy  or  metastatic  4TI  mammary  carcinoma 

As  demonstrated  by  earlier  studies,  mice  treated  with  an  inhibitor 
for  IL-13  (sIL-13Ro2-Fc)  are  resistant  to  recurrence  of  the  15- 
12RM  gpl60-transfected  fibrosarcoma  (1).  This  result,  coupled 
with  the  observation  that  NKT-deficient  CDl~/_  mice,  as  well  as 
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F1GURE  4.  CDl-/~  mice  have  enhanced  immunity  to  4TI  metastatic 
disease;  however,  CDl~/_  and  STAT6_/_  bone  marrow  chimeras  do  not, 
A ,  CDl_/_,  STAT6~,_,  and  BALB/c  mice  were  inoculated  in  the  abdominal 
mammary  gland  with  7000  4T1  cells.  Two  to  three  weeks  later,  primary 
tumors  were  surgically  removed  and  mice  were  followed  for  survival.  Average 
primary  TD  ±  SD  (mm)  at  the  time  of  surgery  were  BALB/c,  4.26  ±  0.86; 
STAT6~/_,  4.43  ±  1.13;  CDr/_,  4.95  ±  0.64.  B,  Eight  weeks  after  bone 
marrow  reconstitution,  mice  were  inoculated  in  the  abdominal  mammary 
gland  with  7000  4T1  tumor  cells.  Primary  tumors  were  surgically  removed  on 
days  18-26.  Average  primary  TD  ±  SD  (mm)  at  the  time  of  surgery  were 
BALB/c,  4.93  ±  0.98;  STAT6“/_,  4.47  ±  1.17;  CDr/-->-STAT6~/_, 
4.75  +  0.65;  STAT6_/_-»CDr'“,  4.52  ±  0.8;  CDl-/~,  4.9  ±  1.2.  Values 
in  parentheses  are  the  number  of  mice  per  group. 


FIGURE  3.  Enhanced  immunity  requires  hemopoietic  and  nonhemo- 
poietic  components.  Chimeric  mice  and  untreated  control  BALB/c  and 
STAT6_/_  mice  were  inoculated  in  the  abdominal  mammary  gland  with 
7000  4T 1  tumor  cells,  and  primary  tumors  were  surgically  removed  1 5-2 1 
days  later.  Values  in  parentheses  are  the  number  of  mice  per  group.  A, 
Allogeneic  chimeras.  Average  primary  TD  +  SD  (mm)  at  the  time  of 
surgery  were  BALB/c,  5.41  ±  0.76;  STAT6W~,  4.61  ±  1.51;  BALB/ 
c— >STAT6~'~,  4.68  ±  0.79;  STAT6-/~—>  BALB/c,  5.3  ±  0.9.  B,  Au¬ 
tologous  chimeras.  Average  primary  TD  ±  SD  (mm)  at  the  time  of 
surgery  were  BALB/c,  5.13  ±  0.7;  STAT6~'~,  4.12  ±  0.52;  BALB/ 
c-»BALB/c,  4.59  ±  0.74;  STAT6_/“^STAT6“/_,  4.93  ±  0.47.  C, 
STAT6-/~,  but  not  BALB/c,  STAT6-/-—> BALB/c,  or  BALB/ 
c— »STAT6-/~  chimeric  mice  contain  CTL  to  4T1  tumor  cells.  Chime¬ 
ras,  BALB/c,  and  STAT6_/_  mice  were  multiply  immunized  i.p.  with 
106  irradiated  4T1  cells.  Five  days  after  the  last  immunization,  spleno- 
cytes  were  removed  and  tested  for  cytotoxic  activity  against  Cr-51- 
labeled  4T1  and  B16  melanoma  targets. 


due  to  nonresponsiveness  to  1L- 13,  BALB/c  mice  were  treated 
with  the  IL-13  inhibitor,  sIL-13R«2-Fc,  and  inoculated  with  4T1. 
Groups  of  BALB/c  mice  were  either  treated  with  slL-1 3Ra2-Fc  or 
a  control  human  IgG  starting  on  day  0,  and  inoculated  in  the 
abdominal  mammary  gland  with  7000  4T1  cells.  Inhibitor  or  con¬ 
trol  IgG  treatment  was  continued  for  the  first  2  wk  of  tumor 
growth.  On  day  26,  primary  tumors  were  surgically  removed,  and 
the  mice  were  followed  for  survival.  As  shown  in  Fig.  5,  neither 

Table  II.  CD/-/_  mice  have  a  high  incidence  of  primary  mammary 
carcinoma a 


Tumor  Diameter  of  Primary 

Strain  Incidence  Tumor  ±  SD  (mm) 


IL-13-nonresponsive  STAT6-/~  mice,  and  IL-4Ra_/_  mice  are 
also  resistant  to  15-12RM  (1),  supports  the  hypothesis  that  IL-13 
produced  by  NKT  cells  blocks  activation  of  CD8+  T  cells.  Inhi¬ 
bition  of  IL-13  by  sIL-13Ra2  therefore  blocks  IL-13  activity,  and 
allows  tumor-specific  CD8+  T  cells  to  differentiate  (1).  To  deter¬ 
mine  whether  enhanced  immunity  to  4T1  in  STAT6“/_  mice  is 


BALB/c  10/10  4.26  +  0.96 

STAT6-/_  5/10  4.42  ±1.13 

CDl~/_  10/10  4.94  ±0.67 


"Mice  were  inoculated  in  the  abdominal  mammary  gland  with  7000  4T1  mam¬ 
mary  carcinoma  cells  and  followed  for  development  of  primary  tumor  at  the  site  of 
injection.  Tumor  incidence  is  number  of  mice  that  developed  solid  tumor/total  mice 
inoculated.  Tumor-free  mice  did  not  develop  tumors  within  a  70-day  observation 
period.  TD  were  measured  at  2-3  wk  after  4T1  inoculation  at  the  time  of  surgery. 
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primary  tumor  progression  (Fig.  5A)  nor  survival  following  surgi¬ 
cal  removal  of  primary  tumor  (Fig.  55)  is  altered  by  sIL-13R«2-Fc 
treatment,  suggesting  that  inhibition  of  IL-13  does  not  yield  en¬ 
hanced  tumor  immunity  to  the  4T1  mammary  carcinoma. 

Depletion  of  CD4+ CD25+  T  cells  in  BALB/c  mice  does  not 
enhance  immunity  to  primary  or  metastatic  4T1  mammary 
carcinoma 

CD4+CD25+  T  cells  have  also  been  shown  to  inhibit  the  activa¬ 
tion  of  CD8+  T  cytotoxic  cells  (8,  9,  11).  To  determine  whether 
CD4+CD25+  T  regulatory  cells  inhibit  activation  of  4Tl-specific 
CD8+  T  cells,  BALB/c  mice  were  depleted  for  CD4+CD25+  T 
cells  before  inoculation  with  4T1  mammary  carcinoma.  BALB/c 
mice  were  either  untreated  or  given  CD25  mAb  starting  on  day 
—4,  and  inoculated  with  7000  4T1  cells  in  the  abdominal  mam¬ 
mary  gland  on  day  0.  In  one  group  of  mice,  progression  of  primary 
tumors  was  followed.  In  a  second  group  of  mice,  primary  tumors 
were  surgically  excised  on  day  21,  and  the  mice  were  followed  for 
survival.  Depletion  of  CD4+CD25+  T  cells  does  not  alter  growth 
of  primary  4T1  (Fig.  6A)  nor  survival  (Fig.  65).  Therefore,  inac¬ 
tivation  of  CD4+CD25+  T  regulatory  cells  is  not  responsible  for 
enhanced  immunity  to  4T1  primary  tumor  or  metastatic  disease  in 
STAT6-7-  mice. 

IFN-y  is  essential  for  tumor  resistance  in  STAT6~/~  mice 

To  determine  whether  tumor  resistance  correlated  with  differential 
cytokine  production,  draining  lymph  node  cells  of  STAT6-7-  and 
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FIGURE  5.  Inhibition  of  IL-13  with  the  sIL-13Ra2-Fc  does  not  alter 
primary  tumor  growth  or  metastatic  disease.  BALB/c  mice  were  inoculated 
on  day  0  with  7000  4T1  cells  and  treated  with  sIL-13Ra2-Fc  or  a  control 
Ig  every  other  day  from  day  0  to  14.  A,  Primary  tumor  growth.  B,  Survival 
following  surgical  removal  of  primary  tumor  on  day  26.  Average  primary 
TD  ±  SD  (mm)  at  the  time  of  surgery  were:  lL-13-inhibitor  treated,  5.14  ± 
0.79;  control  IgG  treated,  6.38  ±  0.37.  The  numbers  in  parentheses  are  the 
number  of  mice  per  group. 
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FIGURE  6.  Depletion  of  CD25+  cells  does  not  alter  primary  tumor 
growth  or  metastatic  disease.  BALB/c  mice  were  treated  or  not  treated  on 
day  -4  with  mAb  PC61  to  CD25  and  inoculated  on  day  0  with  7000  4T1 
cells.  A,  Primary  tumor  growth.  B,  Survival  following  surgical  removal  of 
primary  tumor  on  day  21.  Average  primary  TD  ±  SD  (mm)  at  the  time  of 
surgery  were  CD25  depleted,  6.42  ±  1.33;  not  depleted,  5.21  ±  1.39.  The 
numbers  in  parentheses  are  the  number  of  mice  per  group. 


BALB/c  mice  were  assayed.  Mice  were  inoculated  in  an  abdom¬ 
inal  mammary  gland  with  4T1  cells,  and  5  days  later  draining 
inguinal  lymph  nodes  were  removed  and  cocultured  with  irradiated 
4T1/B7.1  or  irrelevant  stimulators.  A  total  of  21  STAT6-7-  and  17 
BALB/c  mice  were  tested  in  seven  separate  experiments.  Fig.  1A 
shows  the  pooled  results  of  these  experiments.  STAT6-/“,  but  not 
BALB/c  mice  produce  high  levels  of  IFN-y,  while  BALB/c  mice 
produce  more  IL-4  than  STAT6-7-  mice.  Both  strains  produce 
low  levels  of  IL-2.  If  100  pg/ml  of  IFN-y  is  used  as  a  cutoff  for 
responders,  then  62%  of  the  STAT6-7-  mice  produce  IFN-y, 
which  is  approximately  equal  to  the  percentage  of  STAT6-7-  mice 
that  survive  in  a  typical  surgery  experiment. 

To  ascertain  whether  IFN-y  production  is  essential  for  enhanced 
tumor  resistance  in  STAT6-7-  mice,  double  knockout  STAT6-7- 
IFN-y-/-  mice  were  inoculated  in  the  abdominal  mammary  gland 
with  4T1  cells,  and  followed  for  survival  after  surgical  removal  of 
primary  tumor.  As  shown  in  Fig.  75,  100%  of  STAT6-/-lFN-y-/- 
and  IFN-y-7-  mice  die  by  day  62,  while  87%  of  the  STAT6-7-  mice 
survive.  Therefore,  IFN-y  is  essential  for  enhanced  tumor  resistance 
in  STAT6-/_  mice. 

Discussion 

To  evaluate  the  antitumor  effect  of  STAT6  deficiency  on  meta¬ 
static  disease,  we  have  used  an  animal  system  that  closely  models 
advanced,  human  metastatic  disease.  These  experiments  demon¬ 
strate  that  if  primary  tumor  is  surgically  removed,  then  45-80%  of 
STAT6-7-  mice  survive  indefinitely  and  develop  a  potent  immu¬ 
nity  to  tumor.  These  observations  are  notable  for  several  reasons. 
1)  Metastatic  disease  in  distant  organs  in  this  animal  model  is 
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FIGURE  7.  Tumor  resistance  in  STAT6_/_  mice  is  dependent  on 
IFN-y.  A,  STAT6_/_  (cross-hatched  bars)  and  BALB/c  (filled  bars)  mice 
were  inoculated  with  4T1  cells.  Draining  lymph  nodes  were  removed  5 
days  later  and  cocultured  with  irradiated  4T1/B7.1  or  irrelevant  B16 
mclFlO  cells.  Supernatants  were  harvested  2  days  later  and  tested  by 
ELISA  for  IL-2,  IL-4,  and  IFN-y.  These  data  are  the  pooled  results  of  21 
STAT6-/~  and  17  BALB/c  mice.  B,  STAT6_/_lFN-y_/-  mice  were  in¬ 
oculated  in  the  abdominal  mammary  gland  with  7000  4T1  cells.  Primary 
tumors  were  removed  on  day  21,  and  mice  were  followed  for  survival. 
Average  primary  TD  ±  SD  (mm)  at  the  time  of  surgery  were  STAT6_/~, 
5.59  ±  0.7;  IFN-y_/",  5.93  ±  0.81;  STAT6“/“lFN-y"/'>  6.25  ±  1.62. 
The  numbers  in  parentheses  are  the  number  of  mice  per  group. 


firmly  established  as  early  as  2  wk  post-4Tl  inoculation  and/or 
when  primary  tumors  are  >2  mm  in  diameter  (13).  Therefore,  at 
the  time  of  surgery  (2.5-3  wk  after  4T1  inoculation),  mice  have 
extensive,  established  metastatic  disease.  2)  Tumor  immunity  fol¬ 
lowing  surgery  is  very  effective  whether  the  primary  tumor  is  rel¬ 
atively  small  (2-4  mm  in  diameter),  or  large  (4-7  mm  in  diame¬ 
ter).  Earlier  studies  established  that  the  extent  of  metastatic  disease 
is  approximately  proportional  to  the  size  of  primary  tumor  (13). 
Therefore,  immunity  in  STAT6_/_  mice  is  effective  against  a  large 
number  of  metastatic  cells.  3)  Mice  that  survive  inoculation  of  4T1 
must  eliminate  tumor  cells  in  multiple  sites  because  the  4T1  tumor 
metastasizes  to  the  lungs,  liver,  bone  marrow,  brain,  lymph  nodes, 
and  blood  (12,  14,  22).  Therefore,  tumor  immunity  in  STAT6“/_ 
mice  is  systemic,  and  is  effective  against  metastatic  cells  regardless 
of  their  location.  4)  4T1  is  a  poorly  immunogenic  tumor  that  spon¬ 
taneously  arose  in  BALB/cfC3H  mice  that  were  carrying  an  ex¬ 
ogenous  mouse  mammary  tumor  virus  (23).  Its  tumor  Ags  are 
likely  to  be  self  molecules  to  which  BALB/c  and  STAT6~/_  mice 
are  tolerant.  Therefore,  tolerance  in  STAT6_/~  mice  does  not  pre¬ 
clude  the  development  of  immunity  to  4T1.  Functional  elimination 


of  the  STAT6  gene,  therefore,  allows  the  development  of  a  CD8+ 
T  cell-mediated  immunity  that  protects  mice  against  continued  de¬ 
velopment  of  dispersed,  metastatic  disease. 

Because  any  immune  system  cells  that  might  be  involved  are 
bone  marrow  derived,  we  expected  that  reconstitution  of  BALB/c 
mice  with  STAT6_/_  bone  marrow  would  generate  mice  that  were 
as  tumor  resistant  as  STAT6~/_  mice.  Surprisingly,  STAT6_/~— > 
BALB/c  chimeras  were  just  as  susceptible  as  BALB/c  mice.  Be¬ 
cause  the  STAT6  gene  is  deleted  in  all  cells  of  STAT6_/_  mice 
(17),  the  bone  marrow  chimera  data  are  consistent  with  the  hy¬ 
pothesis  that  both  hemopoietic  and  nonhemopoietic  cells  contrib¬ 
ute  to  the  antitumor  phenotype.  STAT6-/~  bone  marrow  may  not 
give  a  tumor  immune  phenotype  in  BALB/c  recipients  because 
STAT6~/_  stem  cells  may  require  a  STAT6-/~  thymus  for  ap¬ 
propriate  development.  STAT6~/_  thymic  epithelium  may  pro¬ 
vide  different  signals  during  positive  selection  that  result  in  posi¬ 
tive  selection  of  a  different  T  cell  repertoire  than  that  generated  in 
wild-type  STAT6+/+  mice.  Alternatively,  negative  selection  may 
be  impacted  by  the  STAT6  deletion  and  result  in  a  T  cell  repertoire 
that  includes  CD8+  T  cells  that  would  nonnally  be  deleted  during 
negative  selection  in  STAT6+/'f  mice.  In  either  case,  the  novel  T 
cell  repertoire  could  contain  CD8+  T  cells  that  when  activated  are 
more  effective  against  metastatic  tumor.  A  third  alternative  is  that 
the  regulatory  pathway  requires  a  nonhemopoietic  cell,  or  a  cell 
that  survives  the  radiation  treatment  used  to  prepare  the  chimeras. 

The  mechanism  underlying  tumor  resistance  to  4T1  in 
STAT6-/~  mice  remains  unclear.  It  was  originally  hypothesized 
that  enhanced  immunity  in  STAT6-/~  mice  is  due  to  preferential 
production  of  CD4+  Thl  cells.  However,  in  vivo  depletion  of 
CD4+  T  cells  does  not  reduce  tumor  resistance,  indicating  that 
CD4+  T  cells  are  not  required  for  enhanced  immunity  (3).  How¬ 
ever,  IFN-y,  a  cytokine  that  is  pivotal  for  Thl  cell  differentiation, 
is  produced  early  after  4T1  inoculation  and  is  essential  for  en¬ 
hanced  immunity  because  IFN-y-deficient  STAT6-7-  mice  are  as 
susceptible  to  4T1  as  are  wild-type  BALB/c  mice.  IFN-y  is  a 
highly  pleiotropic  cytokine  that  has  many  functions  in  addition  to 
its  role  in  Thl  differentiation  (24,  25),  and  any  of  these  additional 
activities  could  facilitate  tumor  rejection  in  STAT6~/_  mice. 

CD4+CD25+  T  cells  have  also  been  proposed  as  inhibitors  of 
tumor  immunity.  Inhibitory  CD4+  T  cells  were  first  described  by 
North  et  al.  (26)  over  17  years  ago.  More  recently,  immunosup¬ 
pressive  T  cells  have  been  phenotyped,  when  studies  in  autoim¬ 
mune  systems  led  to  the  identification  of  CD4  '  CD25  1  T  cells  that 
regulate/suppress  autoreactive  CD8  1  T  effector  cells  (9-11).  The 
inhibitory  effects  of  CD25  1  CD4  1  T  cells  on  tumor  immunity  have 
also  been  demonstrated  in  several  tumor  systems  (8,  27).  Although 
it  is  likely  that  STAT6-/~  mice  have  enhanced  immunity  because 
of  deletion  of  an  inhibitor,  the  CD25-depletion  studies  perfonned 
in  this  work  demonstrate  that  CD4  1  CD25  '  T  cells  are  not  the 
relevant  inhibitor  in  STAT6_/_  mice. 

Earlier  studies  using  the  15-12RM  fibrosarcoma  and  CDl-/~ 
and  STAT6_/~  mice  led  to  the  hypothesis  that  IL-13,  secreted  by 
NKT  cells,  inhibits  the  differentiation  of  tumor-specific  CD8  1  T 
cells  by  acting  on  an  intermediate  cell  through  a  STAT6-dependent 
pathway  (1).  Although  our  studies  confirm  that  NKT-deficient 
CDl-/~  mice  also  have  enhanced  immunity  to  4T1  tumor,  inhi¬ 
bition  of  IL-13  alone  is  not  sufficient  because  treatment  of  BALB/c 
mice  with  the  IL-13  inhibitor,  sIL-13Ra-Fc,  does  not  produce 
4Tl-resistant  mice.  Because  STAT6-/_  mice  are  also  deficient  for 
response  to  IL-4  activity,  IL-4  is  another  candidate  inhibitor.  How¬ 
ever,  previous  studies  using  BALB/c  IL-4_/_  mice  demonstrated 
that  these  mice  also  do  not  have  enhanced  immunity  to  4T1  pri¬ 
mary  tumor  or  metastatic  disease  (28)  or  to  15-12RM  (1).  There¬ 
fore,  neither  loss  of  response  to  IL-13  nor  loss  of  response  to  IL-4 
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alone  is  sufficient  for  the  resistance  of  STAT6-/“  mice  to  4T1 
metastatic  disease.  Furthermore,  neither  STAT6~/_— >CDl_/_ 
nor  CD1~/-— >STAT6_/_  bone  marrow  chimeras  have  enhanced 
immunity  to  4T1  metastatic  disease,  so  it  is  likely  that  resistance  in 
STAT6-/~  and  CDl_/_  mice  occurs  via  noncomplementing  steps 
in  the  same  regulatory  pathway  or  via  different  mechanisms. 

STAT6  transduces  the  signal  from  both  IL-4  and  IL-13,  and  IL-13 
and  IL-4  bind  to  the  same  receptor  (type  II  IL-4R  consisting  of 
IL-4R«  and  IL-13R«1  chains)  (29).  Therefore,  elimination  of  the 
activity  of  both  cytokines  simultaneously  may  be  necessary  for 
enhanced  immunity  because  IL-4  may  compensate  for  the  absence  of 
IL-13  and  vice  versa  (30).  In  preliminary  experiments,  we  have  tested 
this  hypothesis  in  BALB/c  mice  depleted  of  IL-4  by  in  vivo  treatment 
with  an  anti-IL-4  mAb  (1 1B1 1)  and  simultaneously  treated  with  the 
IL-13  inhibitor.  These  mice  showed  no  enhanced  immunity  to  4T1  in 
a  postsurgery  setting  (M.  Terabe,  J.  M.  Park,  and  J.  A.  Berzofsky, 
unpublished  results).  Similarly,  IL-4Ra~/_  mice,  which  are  incapable 
of  transmitting  either  IL-13  or  IL-4  signals,  showed  no  enhanced 
immunity  to  4T1  (Clements  and  Ostrand-Rosenberg,  unpublished 
results).  Simultaneous  elimination  of  IL-4  plus  IL-13,  therefore,  does 
not  result  in  immunity  to  primary  and/or  metastatic  4T1  tumor. 

As  a  transcriptional  regulatory  factor,  STAT6  is  well  positioned 
to  modulate  expression  of  numerous  critical  inhibitory  molecules. 
The  role  of  STAT6  protein  in  IL-13  and  IL-4  activity  is  well 
known;  however,  STAT6  may  also  play  a  role  in  the  expression  or 
activity  of  as  yet  uncharacterized  cells  and/or  cytokines  and/or 
other  molecules  that  inhibit  tumor  immunity.  For  example,  STAT6 
may  activate  a  novel  factor  that  stimulates  CD25“  regulatory  T 
cells  (suppressor  cells),  which  in  turn  inhibit  differentiation  of  tu¬ 
mor-specific  CD8+  T  lymphocytes.  STAT6_/_  mice,  therefore, 
would  not  contain  the  inhibitory  T  cells,  and  tumor-specific  CD8+ 
T  cells  would  be  produced  and  mediate  tumor  regression.  Alter¬ 
natively,  NKT  cells  may  secrete  a  novel  molecule  (in  addition  to 
IL-4  or  IL-13)  that  acts  via  the  STAT6  pathway  to  block  tumor- 
specific  CD8+  T  cell  differentiation.  If  this  novel  molecule  uses  a 
receptor  other  than  IL-4Ra,  then  CDl~/_  and  STAT6-/_  mice 
would  show  enhanced  immunity  because  one  strain  would  not  pro¬ 
duce  and  the  other  strain  would  not  respond  to  the  inhibitory  mol¬ 
ecule.  Although  we  cannot  at  present  distinguish  between  these 
hypothetical  mechanisms,  it  is  intriguing  to  speculate  that  a  novel 
molecule/cell/cytokine  produced  by  or  in  response  to  NKT  cells 
and  operating  via  a  STAT6  pathway  negatively  regulates  tumor 
immunity.  Such  a  factor  could  be  responsible  for  the  absence  of 
effective  tumor  immunity  in  tumor-bearing  or  tumor-immunized 
individuals,  and  could  be  a  target  for  future  immunotherapies. 
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Abstract  Many  tumor  immunologists  favor  the  hypot¬ 
hesis  that  optimal  anti-tumor  activity  is  mediated  by 
type  1  CD4+  and  CD8+  T  cells,  and  that  the  production 
of  type  2  CD4+  T  cells  may  be  counterproductive 
for  effective  anti-tumor  immunity.  Since  Stat6-deficient 
or  “knockout”  mice  lack  the  signal  transducer  and 
activator  of  transcription-6  protein  and  are  unable  to 
transmit  signals  initiated  by  the  type  2  cytokines,  IL-4 
and  IL-13,  they  have  been  studied  to  confirm  the  T„1  vs 
T„2  paradigm.  Using  transplantable  tumor  cells  that 
cause  primary  solid  tumors  and  metastatic  disease,  as 
well  as  a  spontaneous  transgenic  tumor  model,  multiple 
studies  have  demonstrated  that  Stat6'/_  mice  are  able 
to  reject  or  delay  primary  tumor  growth,  prevent 
recurrence  of  primary  tumors,  and/or  reject  established, 
spontaneous  metastatic  disease.  Deletion  of  the 
Stat6  gene,  therefore,  provides  significantly  enhanced 
immunosurveillance.  Comparable  experiments  with 
CD  1 -deficient  mice,  which  lack  NKT  cells  and  hence  are 
deficient  for  IL-13,  give  similar  results  and  suggest  that 
removal  of  NKT  cells  also  enhances  immunosurveil¬ 
lance.  Because  immunity  is  enhanced  in  the  absence  of 
Stat6  or  CD1,  it  has  been  hypothesized  that  these  dele¬ 
tions  result  in  the  removal  of  an  inhibitor  that  blocks 
constitutive  immunosurveillance.  Several  mechanisms 
have  been  tested  as  potential  inhibitors,  including 
CD4  +  CD25+  T  regulatory  cells,  IL-13,  a  T„2  shift, 
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and  myeloid  suppressor  cells.  Although  the  first  three 
mechanisms  do  not  appear  to  be  relevant,  regression 
of  myeloid  suppressor  cells  in  Stat6-deficient  and 
CD  1 -deficient  mice  may  be  responsible  for  enhanced 
immunosurveillance.  Although  additional  studies  are 
clearly  needed  to  clarify  the  mechanism(s)  underlying 
improved  anti-tumor  immunity  in  Stat6'/_  and  CDm 
mice,  deletion  of  these  genes  results  in  a  potent  anti¬ 
tumor  immunity  and  may  be  a  basis  for  an  immuno¬ 
therapy  strategy. 

Abbreviations  Stat6  signal  transducer  and  activator  of 
transcription  6  •  MSC  myeloid  suppressor  cell  ■  BALB/c 
NeuT  transgenic  mice  that  spontaneously  develop 
mammary  carcinoma  •  Stat6'l'NeuT+l'  Stat6-deficient, 
BALB/c  NeuT  mice  •  Stat6~!~IFNy!~  Stat6-deficient, 
interferon-y-deficient  BALB/c  mice 


Stat6-deficient  mice  preferentially  make  TH1  responses 

Many  tumor  immunologists  believe  that  optimal  anti¬ 
tumor  immunity  is  mediated  by  type  1  CD8+  T  lym¬ 
phocytes  [6,  7],  and  is  dependent  on  “help”  from  type  1 
CD4+  T  cells  (T„l)  [10,  34],  In  contrast,  type  2  CD4+  T 
cells  are  thought  to  preferentially  provide  “help”  to  B 
cells  for  antibody  production  [5].  Investigators  have 
speculated  that  activation  of  type  2  CD4+  T  cells  may 
even  be  detrimental  in  tumor  immunity,  because  polar¬ 
ization  of  the  response  towards  a  type  2  phenotype  may 
limit  the  opportunities  for  generating  a  type  1  response 
[2,  16],  although  this  assumption  is  controversial  [20], 
Signal  transducer  and  activator  of  transcription  6 
(stat6)  is  a  cytosolic  protein  that  when  phosphorylated 
by  Janus  kinases  1  and  2  is  activated  and  migrates  to  the 
nucleus  where  it  binds  to  DNA  and  regulates  cytokine 
production  (reviewed  in  [9,  11,  17]).  This  signaling 
pathway  is  activated  when  the  cytokines  IL-4  and/or 
IL-13  bind  to  their  common  type  II  IL-4R  receptor, 
which  consists  of  IL-4Ra  plus  IL-13Ral  or  IL-13Ra2 
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chains  [22],  Activation  of  this  pathway  maintains  pro¬ 
duction  of  IL-4  and/or  IL-13,  and  in  turn  polarizes 
immunity  towards  a  type  2  response. 

Because  Stat6  protein  is  essential  for  responsiveness 
to  IL-4  and  IL-13,  Stat6-deficient  mice  do  not  make 
significant  amounts  of  type  2  CD4+  T  cells,  and  their 
CD4+  T  cells  are  polarized  towards  type  1  responses 
[15,  33].  This  observation  led  to  the  suggestion  that 
Stat6-deficient  mice  might  have  heightened  immuno- 
surveillance  against  tumors  because  their  default  type  1 
response  might  provide  more  efficacious  tumor  immu¬ 
nity.  Several  studies  have  examined  this  assumption. 
Although  there  is  uniform  consensus  that  Stat6-deficient 
mice  have  dramatically  enhanced  anti-tumor  immunity, 
there  is  no  agreement  on  the  mechanism(s)  underlying 
the  improved  immunity,  or  that  type  1  vs  type  2 
responses  are  responsible  for  the  effect. 

In  this  article  we  will  summarize  the  data  showing 
that  Stat6-deficient  mice  have  heightened  immunosur- 
veillance  against  transplanted  primary  tumors,  sponta¬ 
neous  primary  tumors,  and  metastatic  disease.  We  will 
then  discuss  the  mechanisms  to  which  this  enhanced 
immunity  has  been  attributed. 


Stat6-deficient  mice  are  resistant  to  transplanted 
primary,  solid  tumors 

Three  independent  BALB/c-derived  tumors  have  been 
studied  in  Stat6-deficient  BALB/c  mice.  These  include 
the  15-12RM  BALB/c  fibrosarcoma  [36],  the  P815 
mastocytoma  [14],  and  the  4T1  mammary  carcinoma 
[12,  24,  25].  Studies  with  all  three  tumors  noted 
reduction  in  primary  tumor  growth  in  Stat6-deficient  vs 
wild-type  BALB/c  mice,  although  the  magnitude  of  the 
response  differed. 

In  the  15-12RM  tumor  system,  tumor  cells  were 
transfected  with  HIV  gpl60  as  a  model  antigen.  Fol¬ 
lowing  s.c.  inoculation  into  wild-type  BALB/c  mice,  this 
transfected  tumor  initially  grows,  then  regresses,  and  then 
recurs  and  grows  progressively.  Depletion  of  CD4+  T 
cells  protected  BALB/c  mice  from  recurrence  of  the 
tumor,  suggesting  that  CD4+  T  cells  were  inhibiting  the 
activity  of  CD8+  effectors  [19].  These  investigators  sus¬ 
pected  that  T„  cell  subpopulations  and/or  their  cytokines 
might  be  involved,  so  they  inoculated  Stat6-deficient  mice 
with  the  15-12RM  tumor.  As  expected,  in  Stat6-deficient 
mice,  the  15-12RM  tumor  initially  grew  and  then  per¬ 
manently  regressed,  indicating  that  deletion  of  the  Stat6 
gene  removed  an  inhibitor  of  immunosurveillence  [36], 

Stat6-deficient  mice  are  also  resistant  to  a  mammary 
carcinoma,  as  originally  reported  by  Ostrand-Rosenberg 
et  al.  [24].  Tumor  4T1  is  a  transplantable  mammary 
carcinoma  derived  from  BALB/c  mice  [1,  21],  It  is  very 
poorly  immunogenic  and  spontaneously  metastasizes 
following  inoculation  in  the  mammary  gland  [27,  28]. 
When  a  small  number  of  4T1  cells  are  inoculated  in  the 
abdominal  mammary  gland  of  Stat6-deficient  mice, 
primary  tumors  grow,  but  growth  is  significantly 


retarded  relative  to  growth  in  Stat6-competent,  BALB/c 
mice.  Antibody  depletion  experiments  demonstrated 
that  reduced  growth  requires  CD8+  T  cells.  Depletion 
studies  also  demonstrated  that  tumor  resistance  in  Stat6- 
deficient  mice  did  not  involve  CD4+  T  lymphocytes  [24]. 
However,  unlike  the  15-12RM  system,  depletion  of 
CD4+  T  cells  in  BALB/c  mice  did  not  result  in  improved 
anti-tumor  immunity  (Clements  and  Ostrand-Rosen¬ 
berg,  unpublished). 

Despite  the  delayed  growth  of  primary  tumors  in 
Stat6-deficient  mice,  as  long  as  the  primary  tumor  is  left 
undisturbed,  Stat6-deficient  mice  eventually  die  of  met¬ 
astatic  disease,  as  do  BALB/c  mice  [25].  As  described 
below,  if  the  primary  tumor  is  surgically  removed,  then  a 
high  percentage  of  Stat6-deficient  mice  survive  indefi¬ 
nitely,  whereas  >  90%  of  Stat6-competent  BALB/c  mice 
die. 

Jensen  et  al.  [12]  have  recently  confirmed  the  obser¬ 
vations  of  Ostrand-Rosenberg  and  colleagues.  However, 
they  inoculated  mice  s.c.  in  the  flank  instead  of  in  the 
abdominal  mammary  gland,  and  found  complete  rejec¬ 
tion  of  4T1  tumors  by  most  Stat6-deficient  mice.  The 
difference  in  tumor  growth  between  the  two  studies  may 
be  due  to  the  difference  in  inoculation  site.  Perhaps  a 
mammary  tumor  is  less  immunogenic  in  situ  than  when 
present  ectopically.  Regardless  of  this  discrepancy,  both 
studies  demonstrate  that  Stat6-deficient  mice  have 
enhanced  immunity  to  this  mammary  carcinoma. 

Kacha  et  al.  [14]  have  also  found  that  growth  of  a 
primary  tumor  is  diminished  in  Stat6-deficient  mice. 
They  used  the  Pl.HTR  tumor  which  is  a  PI  A-expressing 
variant  of  the  P815  mastocytoma  that  grows  progres¬ 
sively  in  syngeneic  DBA/2  mice  [8].  Although  Pl.HTR 
tumors  initially  grow  in  Stat6-deficient  mice,  they  rap¬ 
idly  regress  while  comparable  tumors  in  wild-type  DBA/ 
2  mice  grow  progressively.  Additional  experiments  using 
PlA-immunized  mice  and  Statl -deficient  mice  suggest 
that  tumor  regression  is  mediated  by  CD8+  T  cells  and 
is  IFN-y-dependent.  A  possible  complicating  factor  in 
interpreting  these  experiments  is  the  potential  genetic 
complexity  of  the  Stat6-deficient  mice  used  in  the  stud¬ 
ies.  Because  Pl.HTR  is  a  DBA/2-derived  tumor,  the 
authors  backcrossed  BALB/c  Stat6-deficient  mice  to 
DBA/2  mice  for  six  generations,  and  then  intercrossed 
the  sixth  generation  to  obtain  “DBA/2  Stat6-deficient 
mice.”  In  reality,  these  “DBA/2  Stat6-deficient  mice” 
retain  considerable  BALB/c  genetic  material  so  they  are 
not  completely  syngeneic  with  respect  to  the  Pl.HTR 
tumor.  Indeed,  minor  histocompatibility  differences  be¬ 
tween  the  Stat6-deficient  mice  and  the  Pl.HTR  may 
facilitate  tumor  rejection  independent  of  the  Stat6  effect. 


Stat6-deficient  mice  reject  spontaneous  metastatic 
tumor  cells  and  survive  indefinitely 

Immunity  to  disseminated  metastatic  cancer  cells  would 
be  highly  desirable  since  metastatic  disease  is  often 
resistant  to  conventional  therapies.  To  determine  if  the 
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Stat6  gene  influences  immunity  to  metastatic  cancer,  the 
4T1  mammary  carcinoma  has  been  studied.  Stat6-defi- 
cient  and  Stat6-competent  BALB/c  mice  were  inoculated 
with  4T1  in  the  mammary  gland,  and  spontaneous 
metastases  to  the  lungs,  liver,  brain,  bone  marrow, 
blood,  and  lymph  nodes  were  allowed  to  develop.  Mice 
were  then  sacrificed  and  the  number  of  tumor  cells  in  the 
lungs  determined  using  a  quantitative  assay  based  on 
4T1  resistance  to  6-thioguanine  [27].  Stat6-deficient  mice 
had  two-three  logs  fewer  metastatic  cells  in  their  lungs 
compared  with  BALB/c  mice.  In  vivo  antibody  deletion 
experiments  showed  that  the  reduction  required  CD8^ 
T  cells  and  was  independent  of  CD4+  T  cells  [24]. 
Similar  studies  using  experimental  metastases  (i.v. 
inoculation  of  4T1)  also  showed  a  reduction  in  lung 
metastases  in  Stat6-deficient  mice  [12]. 

Studies  have  also  been  done  to  determine  if  Stat6 
deficiency  increases  survival  time  of  mice  with  metastatic 
4T1 .  Because  mice  with  4T1  primary  tumors  are  globally 
immunosuppressed  (Danna,  Gilbert,  Pulaski,  and 
Ostrand-Rosenberg,  submitted),  4T1  primary  tumors 
were  surgically  removed  after  spontaneous  metastatic 
disease  was  established,  and  mice  were  followed  for 
survival.  Sixty  to  ninety  percent  of  Stat6-deficient  mice 
survived  >  185  days  under  these  conditions  and  >60% 
of  mice  had  no  detectable  tumor  cells  in  their  lungs, 
liver,  or  bone  marrow.  In  contrast,  less  than  10%  of 
BALB/c  mice  survived  [25]  and  50-90%  had  metastatic 
cells  in  these  organs.  Therefore,  deletion  of  the  Stat6 
gene  provides  potent  protection  against  spontaneous 
metastatic  disease  and  allows  for  long-term  survival. 


Stat6-deficient  mice  are  resistant  to  spontaneously 
arising  mammary  tumors 

Although  enhanced  resistance  to  transplanted  solid  tu¬ 
mors  is  strong  evidence  that  Stat6  deficiency  is  protec¬ 
tive,  it  does  not  necessarily  follow  that  Stat6  deficiency 
allows  for  improved  immunity  to  spontaneously  arising 
tumors,  and  subsequent  increased  survival  time.  To  test 
this  hypothesis,  Ostrand-Rosenberg  and  colleagues  have 
studied  the  effects  of  Stat6  deficiency  on  mice  that 
spontaneously  develop  mammary  carcinoma. 

There  are  several  transgenic  mouse  models  in  which 
animals  spontaneously  develop  mammary  carcinoma. 
The  inbred  strain,  BALB-NeuT,  are  transgenic  mice 
that  are  heterozygous  for  the  activated  HER-2/new 
oncogene  under  control  of  the  mouse  mammary  tumor 
virus  LTR.  Female  BALB/c  NeuT  mice  spontaneously 
develop  atypical  mammary  hyperplasia  by  approxi¬ 
mately  10  weeks  of  age,  carcinoma  in  situ  by  approxi¬ 
mately  15  weeks  of  age,  and  palpable  mammary 
carcinoma  nodules  by  approximately  20  weeks  of  age  [3, 
18].  To  determine  if  Stat6  deficiency  provides  enhanced 
immunity  to  spontaneous  mammary  carcinoma,  Stat6 
knockout  (Stat6"'')  mice  were  bred  to  BALB/c  NeuT 
mice.  Since  the  BALB-NeuT  mice  are  Stat6  +  /T  and 
NeuT  +  /‘,  the  FIs  were  screened  for  NeuT+  and 


backcrossed  to  Stat6"/_  to  obtain  Stat6"/‘NeuT+/"  mice. 
The  resulting  Stat6 /_NeuT  +  /'  mice  were  then  observed 
for  tumor  development  and  followed  for  survival  time. 
In  agreement  with  the  studies  with  transplantable  tu¬ 
mors,  Stat6'/'NeuT+A  mice  have  increased  resistance  to 
spontaneous  disease.  Relative  to  BALB/c  NeuT  mice, 
Stat6'/_NeuT+/'  mice  live  longer,  develop  mammary 
tumors  later,  and  have  fewer  tumors  (Ostrand-Rosen¬ 
berg,  Dissanayake,  Miller,  and  Davis,  unpublished 
results). 


Possible  mechanisms  of  resistance  in  Stat6‘A  mice 

Although  there  is  strong  experimental  consensus  that 
Stat6  deficiency  allows  for  the  development  of  potent 
anti-tumor  immunity,  there  is  little  consensus  on  the 
mechanism(s)  by  which  this  immunity  is  enhanced.  Most 
investigators  believe  that  the  Stat6  gene  produces  a 
factor  that  inhibits  the  development  of  anti-tumor 
immunity,  so  that  when  the  Stat6  gene  is  deleted,  suc¬ 
cessful  immunosurveillance  occurs.  The  following  sec¬ 
tions  describe  the  mechanisms  that  have  been  proposed, 
and  the  data  supporting  and  contradicting  their 
involvement  in  tumor  immunity. 


Resistance  requires  IFN-y 

IFN-y  is  a  pleiotropic  cytokine  that  regulates  hundreds 
of  genes,  including  many  genes  that  regulate  immunity. 
Several  studies  have  shown  that  IFN-y  is  involved 
in  heightened  immunity  in  Stat6-deficient  mice.  For 
example,  tumor-primed  draining  lymph  node  cells  of 
Stat6-deficient  or  CD  1 -deficient  mice  secrete  higher 
levels  of  IFN-y  than  lymph  node  cells  from  Stat6-com- 
petent  mice  [12,  14,  25,  36].  In  addition,  double  deficient 
Stat6'/TFNy"/'  mice  do  not  have  heightened  immunity  to 
primary  tumor,  and  die  from  metastatic  disease  with  the 
same  kinetics  as  Stat6-competent  mice  [25].  Therefore, 
IFN-y  is  essential  for  enhanced  immunity  to  primary, 
solid  tumors,  and  for  resistance  to  metastatic  disease 
in  Stat6-deficient  mice. 


IL-13  as  an  inhibitor  of  type  1  tumor  immunity 

As  described  above,  Stat6  protein  is  essential  for  signal 
transduction  through  the  IL-4R,  and  hence,  Stat6-defi- 
cient  individuals  are  not  responsive  to  IL-4  and/or 
IL-13.  This  observation  has  led  Terabe  et  al.  [36]  to 
hypothesize  that  IL-13  is  an  inhibitor  that  blocks  the 
development  of  anti-tumor  immunity,  and  that  Stat6- 
deficient  mice  have  enhanced  tumor  immunity  because 
they  are  not  responsive  to  IL-13. 

The  role  of  IL-13  as  an  inhibitor  is  supported  by 
several  additional  observations  made  by  Terabe  et  al. 
They  first  demonstrated  that  deletion  of  IL-4  alone  is 
not  sufficient  for  enhanced  immunity  because  the 
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15-12RM  tumor  recurred  in  IL-4-deficient  mice.  In 
contrast,  the  tumor  did  not  recur  in  IL-4R  mice,  sug¬ 
gesting  that  a  cytokine  other  than  IL-4,  but  acting 
through  the  IL-4R,  inhibited  anti-tumor  immunity.  The 
logical  candidate  was  IL-13,  since  it  also  binds  to  the  IL- 
4R.  To  determine  if  IL-13  is  an  inhibitor,  Terabe  et  al. 
treated  wild-type  and  IL-4-deficient  BALB/c  mice  with  a 
soluble  competitor  for  IL-13  (sIL-13Ra2-Fc),  before  and 
after  inoculation  with  15-12RM  tumor  cells.  Tumor 
recurrence  did  not  occur  in  mice  treated  with  the  IL-13 
inhibitor,  indicating  that  IL-13  is  a  potent  blocker  of 
immunity  to  solid,  subcutaneous  tumor  [36].  These 
investigators  also  found  that  the  15-12RM  tumor  does 
not  recur  in  CD  1 -deficient  BALB/c  mice,  indicating  that 
CD  1 -deficient  mice  also  have  enhanced  anti-tumor 
immunity.  CD1  is  a  nonclassical  MHC  class  I  molecule 
that  binds  and  presents  glycolipids  to  NKT  cells,  which 
are  a  rich  source  of  IL-13  [13].  Based  on  these  results, 
Terabe  et  al.  proposed  that  CD1  mice  are  resistant  to 
tumor  growth  because  they  lack  NKT  cells  and  hence  do 
not  make  IL-13.  Taken  together,  these  data  indicate  that 
IL-13  produced  by  CD4+  NKT  cells  inhibits  immuno- 
surveillance  and  that  Stat6-deficient  mice  have  enhanced 
immunity  because  they  cannot  signal  through  the  Stat6 
pathway,  and  hence  do  not  respond  to  IL-13  [36]. 

To  determine  if  IL-13  acts  as  an  inhibitor  in  the  4T1 
tumor  system,  4T1  growth  was  studied  in  CD1"  mice. 
Although  a  very  high  percentage  of  CD  1 -deficient  mice 
survived  4T1  challenge  after  surgical  removal  of  primary 
tumor,  neither  primary  tumor  growth  nor  metastatic 
disease  was  inhibited  by  treatment  with  the  IL-13 
inhibitor.  Additional  experiments  in  IL-4-deficient  mice 
[25]  and  in  mice  nonresponsive  or  deficient  to  both  IL-4 
and  IL-13  (Clements  and  Ostrand-Rosenberg,  unpub¬ 
lished)  demonstrated  that  simultaneous  elimination  of 
both  IL-4  and  IL-13  responsiveness  also  did  not  yield 
tumor-resistant  animals. 

Therefore,  although  IL-13  appears  to  play  a  critical 
negative  regulatory  role  in  immunity  to  the  15-12RM 
fibrosarcoma,  IL-13  alone  is  not  responsible  for  inhib¬ 
iting  immunity  to  the  4T1  mammary  carcinoma. 


Reversal  of  myeloid  suppressor  cell  levels  in  Stat6- 
deficient  and  CDl-deficient  mice 

Tumor-mediated  immune  suppression  is  common  in 
individuals  with  malignancies  [23],  and  surgical  removal 
of  the  tumor  frequently  reverses  the  suppression  [30]. 
Indeed,  the  4T1  mammary  carcinoma  induces  a  strong 
global  immunosuppression  of  both  B-  and  T-cell  re¬ 
sponses  within  3  weeks  of  inoculation  (Danna,  Gilbert, 
Ostrand-Rosenberg,  manuscript  in  preparation). 
Because  Stat6-deficient  mice  whose  primary  tumors  have 
been  surgically  removed  have  a  very  high  survival  rate, 
Sinha  and  colleagues  have  suggested  that  Stat6-defi- 
ciency  may  favor  a  very  rapid  recovery  from  immune 
suppression.  They  have  specifically  focused  on  suppres¬ 
sion  by  myeloid  suppressor  cells  (MSCs)  because  MSC 


blockade  of  anti-tumor  immunity  is  widespread  in 
tumor  bearers  [4,  31]. 

In  tumor-free  mice  less  than  8%  of  splenocytes  are 
MSCs,  as  measured  by  flow  cytometry  using  Gr-1  and 
CDllb  antibodies.  In  Stat6-competent,  Stat6-deficient, 
or  CDl-deficient  mice  with  established  4T1  primary 
tumors,  MSC  levels  are  similar,  and  can  be  up  to  50%  of 
splenocytes.  However,  following  surgical  removal  of 
primary  4T1  tumors,  MSC  levels  in  most  Stat6-deficient 
and  CDl-deficient  mice  regress  rapidly,  while  MSC 
levels  in  Stat6-competent  mice  remain  elevated.  The 
percentage  of  postsurgery  Stat6-deficient  and  CD-1- 
deficient  mice  with  low  levels  of  MSCs  agrees  well  with 
the  number  of  these  mice  that  survive  indefinitely  after 
primary  tumor  is  resected.  The  reduction  in  MSC  is 
IFN-y-dependent,  since  MSC  levels  do  not  revert  to 
normal  in  Stat6'/'IFNy'/'  mice  (Sinha,  Danna,  Clements, 
and  Ostrand-Rosenberg,  unpublished).  Therefore,  a  ra¬ 
pid  regression  of  MSCs  after  surgery  in  Stat6-deficient 
and  CDl-deficient  mice  correlates  with  survival,  sug¬ 
gesting  that  Stat6  deficiency  or  CD1  deficiency  can 
overcome  immune  suppression  provided  the  bulky 
primary  tumor  is  removed. 

Alternatively,  rather  than  causing  enhanced  immu¬ 
nity,  the  reduced  number  of  MSCs  in  Stat6-deficient  and 
CDl-deficient  mice  may  be  the  result  of  decreased  tumor 
burden.  Interestingly,  following  surgical  removal  of 
primary  tumor,  Stat6-deficient  mice  have  relatively  low 
levels  of  metastatic  cells,  while  CDl-deficient  mice  have 
very  high  levels  of  metastatic  cells  in  the  lungs  (Sinha, 
Danna,  Clements,  and  Ostrand-Rosenberg,  unpub¬ 
lished).  Since  both  strains  have  very  low  levels  of  MSCs 
and  survive,  a  reduction  in  MSCs  alone  is  not  sufficient 
for  reducing  metastatic  disease. 

Additional  experiments  are  needed  to  clarify  the  role 
of  MSCs  in  survival  and  reduction  of  metastatic  disease. 
For  example,  to  determine  if  MSC  levels  are  the  cause  or 
effect  of  increased  survival,  it  will  be  necessary  to 
adoptively  transfer  MSCs  from  BALB/c  mice  into  Stat6- 
deficient  mice  that  have  low  levels  of  endogenous  MSCs, 
and  follow  these  individuals  for  tumor  progression. 


CD4+CD25+  T  regulatory  cells  are  not  responsible 
for  enhanced  immunity 

CD4+CD25+  T  regulatory  cells  suppress  the  activation 
of  CD8+  T  cells  by  blocking  the  production  of  IL-2  [32]. 
These  cells  are  critical  for  preventing  autoimmunity  [26, 
29]  and  for  inhibiting  anti-tumor  immunity  [35].  In 
several  tumor  systems,  enhanced  anti-tumor  immunity 
and  subsequent  tumor  regression  have  been  attributed  to 
removal  of  CD4+CD25+  T  regulatory  cells  (Wei  et  al., 
this  volume).  However,  in  vivo  antibody  depletion  of 
CD4  +  CD25+  T  cells  from  Stat6-competent  BALB/c 
mice  had  no  effect  on  4T1  primary  tumor  growth  or 
progression  of  metastatic  disease  [25].  Therefore,  Stat6- 
deficient  mice  do  not  have  heightened  tumor  immunity 
because  they  are  deficient  for  CD4+CD25+  T  cells. 
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Other  mechanisms 

Jenson  and  colleagues  [12]  have  suggested  that  Stat6- 
deficient  mice  have  heightened  immunity  because  they 
lack  Stat6  protein  and  hence  respond  to  Stat6  protein 
of  tumors  as  a  “foreign  antigen.”  They  make  a  similar 
argument  for  CD  1 -deficient  mice  and  CD1  protein 
(B.  Fox,  personal  communication).  All  of  the  trans¬ 
planted  tumors  studied  in  Stat6-deficient  mice  (4T1, 
15-12RM,  P815)  express  Stat6  protein  ([12];  Clements 
and  Ostrand-Rosenberg,  unpublished);  however,  the 
4T1  and  15-12RM  tumors  do  not  express  CD1  protein 
(Terabe  and  Berzofsky,  unpublished).  Likewise,  the 
spontaneous  tumors  of  Stat6_/'NeuT  +  /'  mice  do  not 
contain  Stat6  protein.  In  addition,  CTLs  from 
4T1 -immunized  Stat6-deficient  mice  are  not  cytotoxic 
for  other  H-2d  tumors  that  express  Stat6  protein  (e.g., 
P815  tumor)  (Clements  and  Ostrand-Rosenberg, 
unpublished).  If  the  effective  immunity  in  Stat6-deficient 
mice  were  specific  for  Stat6  protein,  then  one  would 
expect  to  find  significant  cross-reactivity  to  other 
MHC-matched,  Stat6-expressing  cells. 

Jensen  et  al.  find  complete  rejection  of  4T1  primary 
tumors  at  doses  for  which  Ostrand-Rosenberg  and  col¬ 
leagues  predominantly  find  only  reduced  growth  rates 
[24,  25],  The  apparent  increased  immunogenicity  of  the 
4T1  tumor  in  the  experiments  of  Jensen  et  al.  could  be 
due  to  divergence  in  the  4T1  tumors  between  the  two 
labs.  If  the  Jensen  et  al.  variant  contains  more  Stat6 
protein,  this  might  explain  their  findings  of  heightened 
Stat6-peptide  reactivity  in  immunized  mice.  Therefore, 
although  Jensen  et  al.  find  strong  Stat6-peptide-specific 
reactivity  in  4Tl-immunized  mice,  it  is  unlikely  that 
reactivity  to  the  deleted  protein  is  responsible  for  the 
increased  immunosurveillance  seen  in  Stat6-deficient  or 
CD  1 -deficient  mice. 


Conclusions 

The  enhanced  immunosurveillance  of  Stat6-deficient 
and  CD  1 -deficient  mice  is  effective  in  reducing  primary 
tumor  growth,  in  preventing  recurrence  of  primary 
tumor,  and  in  mediating  rejection  of  established, 
metastatic  disease.  Indeed,  the  indefinite  survival  of 
mice  with  established,  disseminated  metastatic  disease, 
and  the  lack  of  recurrence  of  primary  tumors  dem¬ 
onstrate  that  Stat6-deficiency  may  be  a  potent  strategy 
for  immunotherapy.  Whether  this  immunity  is  the  re¬ 
sult  of  polarization  towards  a  type  1  response  remains 
unclear.  Given  the  differences  between  the  various 
tumor  systems  studied,  it  appears  that  the  Stat6  pro¬ 
tein  may  affect  tumor  immunity  via  multiple,  divergent 
mechanisms.  A  better  understanding  of  the  mecha¬ 
nism^)  responsible  for  the  dramatic  reductions  in 
tumor  growth  should  be  a  high  priority,  since  this 
knowledge  could  lead  to  effective,  novel  immunother¬ 
apies. 
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SUMMARY 


The  mouse  4T1  mammary  carcinoma  is  a  BALB/c-derived  tumor  that  spontaneously 
metastasizes  and  induces  immune  suppression.  Although  >95%  of  wild  type  BALB/c  mice  die 
from  metastatic  4T1  tumor  even  if  the  primary  mammary  tumor  is  surgically  removed,  >65%  of 
BALB/c  mice  with  a  deleted  Signal  Transducer  Activator  of  Transcription  6  (STAT6)  gene 
survive  post-surgery.  STAT6-deficiency  also  confers  enhanced  immunity  against  spontaneously 
developing  breast  cancer  since  NeuT+A  mice  that  are  STAT6-deficient  develop  mammary  tumors 
later  and  survive  longer  than  Neu'U'  mice  that  are  STAT6-competent.  Rejection  of  metastastic 
disease  and  survival  of  STAT6-deficient  mice  after  removal  of  primary  tumor  involve  three 
mechanisms:  i)  The  generation  of  Ml  type  macrophages  that  produce  nitric  oxide  and  are 
tumoricidal;  ii)  A  decrease  to  normal  in  the  elevated  levels  of  myeloid  suppressor  cells  that 
accumulate  during  primary  tumor  growth;  and  iii)  CD8+  tumor-specific  T  lymphocytes.  STAT6- 
deficient,  but  not  wild  type  BALB/c,  mice  generate  nitric  oxide  producing  macrophages  because 
they  lack  the  STAT6  transcription  factor  which  is  necessary  for  signaling  through  the  type  2  IL- 
4Ra  complex,  and  which  induces  the  production  of  arginase  instead  of  nitric  oxide. 

Signal  Transducer  Activator  of  Transcription  6  deficient  (STAT6  7  )  mice  have  enhanced 
immunity  to  transplanted  tumors. 

The  STAT6  gene  transmits  IL-4  and  IL-13  signals  via  the  IL-dRcc^  and  is  required  for  the 
generation  of  CD4+  Th2  lymphocytes.  As  a  result,  STAT6'/_  mice  have  their  CD4+  T  cells 
polarized  towards  a  Type  1  phenotype  [11],  We  [21]  and  others  [10,  30]  have  hypothesized  that 
STAT"Amice  might  have  enhanced  immunity  because  they  preferentially  generate  CD4+  Thl  cells 
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that  faciliate  CD8+-mediated  tumor  rejection.  Studies  conducted  in  multiple  laboratories  using 
three  different  transplanted  tumors  (mammary  carcinoma,  fibrosarcoma,  and  mastocytoma) 
demonstrated  that  STAT67'  mice  have  heightened  tumor  immunity  [9,  10,  21,  30].  Our  studies 
used  the  BALB/c-derived  mouse  4T1  mammary  carcinoma  [18].  This  tumor  closely  models 
human  breast  cancer  in  its  growth  in  the  mammary  gland,  its  pattern  of  disease  progression,  and 
it's  ability  to  metastasize  to  a  variety  of  target  organs  (brain,  bone  marrow,  liver,  lungs,  blood, 
lymph  nodes)  while  the  primary  tumor  is  present,  as  well  as  after  the  primary  tumor  is  surgically 
removed  [23,  24],  Tumor  resistance  of  STAT67'  mice  was  particularly  effective  after  primary 
mammary  tumors  were  excised,  with  >65%  of  STAT67'  mice  surviving  indefinitely,  while  >95% 
of  wild  type  B  ALB/c  mice  died  from  metastatic  disease  [22]. 

STAT6_/  mice  have  enhanced  resistance  to  spontaneously  arising  mammary  carcinoma. 

NeuT+/'  mice  are  transgenic  for  the  transforming  rat  her2/neu  gene  and  spontaneously 
develop  multifocal  and  metastatic  mammary  carcinoma  starting  at  approximately  week  6-8  of 
age  [2],  To  determine  if  deletion  of  the  STAT6  gene  also  protects  against  spontaneous  cancer, 
neuT+/'  males  were  crossed  to  STAT67'  females  and  the  female  FI's  PCR  screened  and  selected 
for  neuT  expression  (neuT+/  ).  These  heterozygotes  (STAT6+/'neuT+/)  were  then  backcrossed  to 
STAT67'  females,  and  the  offspring  PCR  screened  for  neuT  expression  and  homozygous  deletion 
of  STAT6  (STAT6"/-neuT+/‘  mice).  Female  STAT6'/_neuT  mice  were  then  observed  weekly  for  a 
minimum  of  six  months  for  mammary  tumor  development  and  survival.  As  seen  in  Figure  1A, 
mammary  tumor  onset,  diameter  (TD)  of  individual  tumors,  and  total  tumor  mass  is  delayed  in 
STAT6'/_neuT+/"  mice  vs.  STAT6-competent  neuT7'  mice.  Similarly,  the  survival  time  of  STAT6' 
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'ncuT +A  mice  is  statistically  longer  than  that  of  neuT+/‘  mice  by  approximately  one  month  (Figure 
IB).  Therefore,  deletion  of  the  STAT6  gene  facilitates  rejection  of  metastatic  disease,  and  also 
promotes  survival  of  mice  with  spontaneous  mammary  carcinoma. 

Myeloid-derived  suppressor  cells  inhibit  T  cell  activation  and  immunity  in  mice  with  large, 
primary  mammary  tumors. 

Myeloid-derived  cells  that  suppress  the  immune  system  have  been  identified  in  many 
patients  and  experimental  animals  with  tumors  [1, 4,  8,  12,  14,  27],  These  so-called  myeloid 
suppressor  cells  (MSC)  are  immature  myeloid  cells  that  suppress  the  activation  of  CD4H  and 
CD8+  T  lymphocytes  and  thereby  inhibit  immune  surveillance  [3,  8,  15,  17].  The  accumulation 
of  MSC  in  the  spleen  and  blood  of  tumor-bearing  individuals  is  associated  with  increased  tumor 
burden.  Since  removal  of  primary  4T1  tumor  partially  restores  immunocompetence  [5],  we  have 
hypothesized  that  immunity  in  STAT6'7'  mice  with  primary  tumor  is  inhibited  by  the  presence  of 
MSC.  To  test  this  hypothesis,  BALB/c  and  STAT6'/_  mice  were  inoculated  with  4T1  tumor  in  the 
mammary  gland  and  their  splenocytes  tested  by  flow  cytometry  for  the  presence  of  Grl+CD1  lb+ 
MSC.  In  some  groups,  the  primary  tumor  was  surgically  removed  according  to  the  schedule 
shown  in  Figure  2A,  and  10-12  days  after  surgery  spleens  were  removed  and  tested  for  MSC. 
Mice  that  were  never  exposed  to  tumor  have  less  than  8%  Grl+CD1  lb+  cells  in  their  spleens.  In 
contrast,  BALB/c  and  STAT6'/_  mice  with  primary  4T1  mammary  carcinomas  have  30-60% 
Grl+CD1  lb+  splenocytes.  Although  these  levels  decline  after  surgery,  80%  of  BALB/c  mice 
retain  elevated  levels  of  MSC,  while  only  33%  of  STAT67'  mice  have  above  normal  levels  of 
Grl+CD1  lb+  splenocytes  (figure  2B).  Therefore,  the  retention  of  high  levels  of  MSC  after 
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surgery  is  associated  with  shortened  survival,  while  a  decrease  to  baseline  levels  of  MSC  is 
associated  with  resistance  to  metastatic  disease 

Although  a  reduction  in  MSC  after  removal  of  primary  tumor  is  associated  with 
resistance  to  metastatic  disease,  it  alone  is  not  sufficient  for  resistance  since  BALB/c  mice  treated 
with  all  trans  retinoic  acid  [13]  have  greatly  reduced  levels  of  MSC,  but  still  die  from  metastatic 
4T1  [29].  This  finding  has  led  us  to  examine  other  effector  mechanisms  that  might  be 
responsible  for  resistance  of  STAT6'7'  mice. 

CD8+  T  cells  are  required  for  immunity  to  metastatic  disease  in  post-surgery  STAT6"7'  mice. 

In  earlier  studies  we  noted  that  STAT6  '  mice  have  a  modest  immune  response  against 
primary  tumor,  and  in  vivo  antibody  depletion  experiments  demonstrated  that  this  immunity  was 
mediated  by  CD8+  T  cells,  and  that  CD4+  T  cells  were  not  involved  [21].  The  lack  of 
involvement  of  CD4+  T  cells  was  surprising  and  demonstrated  that  our  original  hypothesis  that 
heightened  immunity  was  due  to  polarization  towards  a  type  1  CD4+  T  cell  response  was 
incorrect.  In  addition,  depletion  of  CD4+CD25+  T  regulatory  cells  had  no  impact  on  4T1  tumor 
growth  in  BALB/c  mice,  demonstrating  that  regulatory  T  cells  were  also  not  involved  [22]. 

Since  immunity  after  removal  of  primary  tumor  is  much  more  effective  than  immunity  in 
mice  with  primary  tumor  in  place,  we  have  also  monitored  T  cell  activity  in  post-surgery  STAT6' 
A  mice  that  are  resistant  to  4T1  metastatic  disease.  STAT6'/_  and  control  BALB/c  mice  were 
inoculated  in  the  mammary  gland  with  4T1  cells  according  to  the  schedule  shown  in  Figure  2A, 
and  concomitantly  in  vivo  depleted  for  CD4+  or  CD8+  T  cells  using  antibodies  to  CD4  and  CD8 
as  previously  described  [21],  All  BALB/c  mice  died  by  day  47,  regardless  of  antibody  treatment, 
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and  all  CD8-depleted  STAT6'/_  mice  died  by  day  66.  In  contrast,  all  of  the  CD4-depleted 
STAT67'  mice  survived  (figure  2C,  left-hand  panel).  Therefore,  CD8+,  but  not  CD4+,  T  cells  are 
essential  for  immunity  to  metastatic  disease  in  STAT6  /_  mice. 

Cytotoxic  nitric  oxide  producing  Ml  macrophages  are  required  for  immunity  to  metastatic 
disease  in  post-surgery  STAT6 '  '  mice. 

Macrophages  can  also  be  key  players  in  tumor  immunity.  Macrophages  polarized 
towards  an  M 1  phenotype  produce  nitric  oxide  (NO)  and  are  cytotoxic  for  tumor  cells,  whereas 
M2  macrophages  produce  arginase  which  facilitates  tumor  growth  and  progression  [16,  19,  20]. 
Since  earlier  studies  demonstrated  that  macrophages  are  involved  in  immune  surveillance  against 
the  4T1  tumor  [25],  we  have  examined  the  role  of  macrophages  in  STAT67'  mice.  To  determine 
if  macrophages  are  required  for  resistance  to  metastatic  4T1  tumor,  STAT6'  '  mice  were 
inoculated  with  4T1  cells  and  primary  tumors  removed  and  mice  followed  for  survival  according 
to  the  schedule  shown  in  figure  2A.  One  group  of  mice  was  also  treated  with  carrageenan, 
which  depletes  for  phagocytic  cells  such  as  macrophages  [29],  Macrophage/phagocytic  cell 
depletion  was  monitored  by  measuring  reduced  susceptibility  to  lipopolysaccharide-induced  toxic 
shock  [25],  Seventy-five  percent  of  the  non-carrageenan  treated  STAT6'/_  mice  survived; 
whereas  only  45%  of  the  carrageenan-treated  mice  survived  (figure  2C,  right-hand  panel).  Mice 
in  the  carrageenan-treated  group  also  developed  more  rapidly  growing  tumors  than  the  mice  in 
the  non-carrageenan-treated  group.  Therefore,  macrophages  appear  to  be  required  for  resistance 
to  metastatic  disease  in  STAT6'a  mice. 

Since  Ml  macrophages  are  associated  with  tumor  regression  while  M2  macrophages  are 
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associated  with  tumor  progression,  we  have  analyzed  the  phenotype  of  macrophages  from  tumor¬ 
bearing  and  post-surgery  B ALB/c  and  STAT6V"  mice.  Although  non-activated  bone  marrow- 
derived  macrophages  (BMDM)  from  either  strain  had  no  NO  or  arginase  activity, 
lipopolysaccharide  and  IFNy -activated  macrophages  from  STAT6'"  mice  made  high  levels  of 
NO,  while  activated  macrophages  from  B  ALB/c  mice  produced  arginase  [29],  Therefore, 

STAT6  A  mice  produce  Ml  macrophages  which  are  essential  for  resistance  to  established 
metastatic  disease,  while  BALB/c  mice  which  are  not  resistant,  produce  M2  macrophages. 

STAT6_/"  mice  generate  Ml  macrophages  because  they  cannot  transmit  IL-13  signals  which 
polarize  macrophages  towards  an  M2  phenotype. 

The  production  of  arginase,  which  is  a  characteristic  of  M2  macrophages,  is  induced  by 
IL-4  and/or  IL-13  when  these  cytokines  bind  to  the  IL-4Rof  and  signal  through  the 
JAK3/STAT6  pathway  [26,  31].  Since  STAT6'~  mice  are  deficient  for  STAT6,  this  signaling 
pathway  is  inoperative  in  STAT6'/_  mice.  Hence,  arginase  production  does  not  occur.  In  other 
studies  we  have  observed  that  IL-4Ra'/‘  mice,  which  also  cannot  transmit  IL-4  and/or  IL-13 
signals  because  they  lack  the  requisite  receptor,  make  Ml  macrophages  that  produce  NO  (Sinha 
and  Ostrand-Rosenberg,  unpublished  results).  Interestingly,  although  IL-4Ra''  mice  make  Ml 
macrophages,  they  are  not  resistant  to  metastatic  4T1  tumor  because  they  retain  high  levels  of 
MSC  after  removal  of  primary  tumor  (Sinha  and  Ostrand-Rosenberg,  unpublished  results). 
Therefore,  STAT6_/  mice  have  Ml  macrophages  because  they  lack  the  signaling  machinery  to 
stimulate  arginase  production;  however,  the  generation  of  Ml  macrophages  without  concomitant 
reduction  in  MSC  is  not  sufficient  for  resistance  to  metastatic  disease. 
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IFNy  is  essential  for  resistance  and  is  required  for  the  reduction  in  MSC  and  may  be 
required  for  the  activation  of  Ml  macrophages. 

IFNy  is  a  pleiotropic  cytokine  that  affects  a  wide  variety  of  genes  and  is  instrumental  in 
immune  surveillance  [6,  7,  28],  To  determine  if  IFNy  is  also  required  for  resistance  to  metastatic 
disease  in  STAT6'/_  mice  we  have  crossed  STAT6/_  mice  with  BALB/c  IFNy'/_  mice  and 
intercrossed  the  FI's  to  obtain  double  knockout  STAT6  'lFNy“mice.  The  S  T  AT6~TFNy  "m ice 
were  then  inoculated  with  4T1  in  the  mammary  fat  pad,  primary  tumors  removed  and  mice 
followed  for  survival  according  to  the  schedule  shown  in  Figure  2A.  Not  surprisingly,  the 
STAT6'TFNyAmicc  have  the  same  survival  times  as  wild  type  BALB/c  mice,  indicating  that 
IFNy  is  essential  for  STAT6/_  resistance  to  metastatic  disease  (figure  2B). 

Experiments  tracking  MSC  in  STAT67'  mice  demonstrate  that  the  decrease  to  normal 
levels  after  removal  of  primary  tumor  is  dependent  on  IFNy  because  MSC  levels  remain  highly 
elevated  in  post-surgery  STATCUFNy'7'  mice  [29].  In  addition  to  its  role  in  reducing  MSC, 

IFNy  may  also  drive  Ml  macrophage  production  in  ST  AT  6''  mice  since  it  is  required  in  vitro  to 
activate  macrophages  from  STAT6;'  mice  [29],  Therefore,  IFNy  appears  to  be  a  critical 
regulatory  molecule  in  the  induction  of  resistance  to  metastatic  disease  and  it  mediates  it's  effects 
by  reducing  MSC  levels  and  activating  Ml  macrophages. 

Concluding  remarks. 

Figure  3  shows  a  schematic  model  of  how  Ml  macrophages,  MSC  levels,  and  activated 
CD8+  T  cells  may  interact  to  provide  effective  immune  surveillance  against  metastatic  disease. 
Under  ideal  conditions,  tumor  antigens  of  primary  tumor  cells  would  be  processed  and  presented 
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by  professional  antigen  presenting  cells  (APC)  and  activate  tumor-specific  CD8+  T  cells. 
However,  many  tumors,  including  the  4T1  mammary  carcinoma,  produce  cytokines  and/or 
growth  factors  that  up-regulate  GrLCDl  lb+  MSC  in  both  BALB/c  and  STAT6"7'  mice.  The 
MSC  produce  arginase  and  reactive  oxygen  species  (ROS)  which  then  inhibit  T  cell  activation; 
thereby  blocking  immune  surveillance  and  favoring  tumor  progression.  Concomitantly,  in 
BALB/c  mice  IL-4  and  IL-13  induce  the  production  of  M2  macrophages  which  also  promote 
tumor  progression.  In  contrast,  STAT67'  mice  generate  Ml  macrophages  because  they  lack  the 
machinery  to  transmit  IL-4  and/or  IL-13  signals.  Although  the  Ml  macrophages  are  cytotoxic  for 
tumor  cells,  they  alone  are  insufficient  for  tumor  rejection.  When  primary  tumor  is  surgically 
removed,  the  quantities  of  tumor-produced  cytokines  and/or  growth  factors  decrease  and  the 
levels  of  MSC  decrease  to  baseline  in  STAT6'/_  mice,  permitting  tumor-specific  CD8+  T  cells  to 
differentiate.  However,  the  level  of  MSC  does  not  decrease  sufficiently  in  BALB/c  mice  after 
surgery  so  tumor-specific  CD8+  T  cells  do  not  develop.  The  combination  of  activated,  tumor- 
specific  CD8+  T  cells  and  Ml  macrophages  in  STAT6‘/_  mice  is  then  sufficient  to  mediate 
complete  rejection  of  metastatic  disease.  Therefore,  effective  immune  surveillance  requires  a 
decrease  to  baseline  levels  of  MSC  coupled  with  the  activation  of  tumor-specific  CD8+  T  cells 
and  cytotoxic  M 1  macrophages. 
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Figure  Captions 


Figure  1.  Deletion  of  the  STAT6  gene  delays  tumor  progression  and  extends  survival  time  of 
mice  that  spontaneously  develop  mammary  carcinoma.  NeuT  ‘  mice,  which  spontaneously 
develop  multifocal  breast  cancer,  were  crossed  and  backcrossed  to  STAT6'/_  mice  to  obtain 
STAT6ncuT'  mice.  The  STAT6"  "neuT+A  and  neuT'  mice  were  observed  weekly  for  (A)  the 
number  of  primary  mammary  tumors  per  mouse,  the  mean  tumor  diameter  (TD)  of  individual 
tumors,  and  the  sum  of  the  diameters  of  all  tumors  per  mouse;  and  (B)  survival  time. 

Figure  2.  Resistance  to  metastatic  mammary  carcinoma  requires  Ml  macrophages  and  CD8+  T 
cells  and  is  counter-acted  by  myeloid  suppressor  cells  (MSC).  (A)  Mice  are  inoculated  in  the 
mammary  gland  on  day  0  with  7000  4T1  mammary  carcinoma  cells;  primary  tumors  are 
surgically  removed  on  day  21-28;  and  mice  are  either  followed  for  survival  or  sacrificed  ten  days 
after  surgery  and  their  spleens  analyzed  for  MSC  or  their  bone-marrow-derived  macrophages 
assayed  for  arginase  and  iNOS  activity.  (B)  BALB/c,  STAT6'a,  and  STAT6 '"IFNy"''  mice  were 
treated  according  to  the  schedule  shown  in  part  A,  and  their  splenocytes  were  analyzed  by  flow 
cytometry  for  Grl+CD1  lb+  MSC.  Data  are  shown  as  percent  of  mice  that  have  normal  levels  of 
MSC  (<8%  of  splenocytes  are  Grl+CD1  lb+).  (C)  STAT6  mice  were  treated  according  to  the 
schedule  in  part  A  and  concomitantly  depleted  for  CD4+  or  CD8+  T  cells  (left  hand  panel),  or 
depleted  for  phagocytic  cells/macrophages  (right-hand  panel). 

Figure  3.  Proposed  pathways  for  immunological  resistance  to  metastatic  mammary  carcinoma  in 
post-surgery  mice.  Resistance  requires  three  mechanisms:  i)  Reduction  in  tumor-induced 
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myeloid  suppressor  cells  (MSC);  ii)  Activation  of  tumor-specific  CD8+  T  lymphocytes;  and  iii) 
Activation  of  tumoricidal  Ml  macrophages.  See  text  for  detailed  description. 
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ABSTRACT 


CD1 -deficient  mice  reject  established,  disseminated  4T1  metastatic  mammary  cancer  and 
survive  indefinitely  if  their  primary  mammary  tumors  are  surgically  removed.  This  highly 
effective  immune  surveillance  is  due  to  three  interacting  mechanisms:  i)  The  generation  of 
iNOS-producing  Ml  macrophages  that  are  tumoricidal  for  4T1  tumor  cells;  ii)  A  rapid  decrease 
in  myeloid-derived  Grl+CD1  lb+  suppressor  cells  that  are  elevated  and  down-regulate  CD3C 
chain  when  primary  tumor  is  present  and  that  suppress  T  cells  by  producing  arginase;  and  iii) 
Production  of  activated  lymphocytes.  Macrophages  from  wild  type  BALB/c  mice  are  polarized 
by  IL-13  towards  a  tumor-promoting  M2  phenotype,  thereby  inhibiting  the  generation  of 
tumoricical  Ml  macrophages.  In  contrast,  CD1A  mice,  which  are  deficient  for  IL-13  because 
they  lack  IL- 13-producting  NKT  cells,  generate  Ml  macrophages  that  are  cytotoxic  for  4T1  via 
the  production  of  nitric  oxide.  Although  tumoricidal  macrophages  are  a  necessary  component  of 
immune  surveillance  in  CD1'A  mice,  they  alone  are  not  sufficient  for  tumor  resistance  since  IL- 
4Ra'/_  mice  have  Ml  macrophages  and  retain  high  levels  of  myeloid  suppressor  cells  after 
surgery,  and  are  susceptible  to  4T1  metastatic  disease.  These  results  demonstrate  that  effective 
immune  surveillance  against  established  metastatic  disease  is  negatively  regulated  by  IL-13  and 
requires  the  induction  of  tumoricidal  Ml  macrophages  and  lymphocytes  combined  with  a 
reduction  in  tumor-induced  myeloid  suppressor  cells. 
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INTRODUCTION 


Recent  studies  have  resurrected  the  hypothesis  that  immunosurveillance  occurs  in  vivo 
and  protects  individuals  against  spontaneously  arising  malignant  cells  (1-4).  Various  effector 
mechanisms  have  been  proposed  as  mediating  immunosurveillance,  including  CD4+  and  CD8+  T 
lymphocytes  ,  NK  cells,  antibodies,  and  NKT  cells  (4-6).  In  addition  to  their  role  in  protecting 
against  tumor,  NKT  cells  have  also  been  implicated  in  facilitating  tumor  progression  (7)  by  their 
production  of  the  cytokine  IL-13  (8,  9).  Most  of  the  data  supporting  an  inhibitory  role  for  NKT 
cells  derive  from  experiments  using  CD  1 -deficient  (CDU)  mice.  CD l  '7"  mice  lack  the  non- 
classical  MHC  class  1  CDld  MHC  molecule  which  is  required  for  thymus  selection  of  NKT  cells 
(10).  Hence.  CDl-deficient  mice  lack  NKT  cells  (1 1).  Since  NKT  cells  are  a  major  producer  of 
IL-13,  CPI'A  mice  are  also  1L- 13-deficient  (42). 

We  (13)  and  others  (8,  9,  14)  have  reported  that  CDl-deficient  (CDl'7’)  mice  have 
enhanced  immune  surveillance  against  tumors,  and  have  proposed  that  deletion  of  the  CDld 
gene  removes  an  inhibitor  that  blocks  anti-tumor  immunity.  In  our  studies  we  have  used  the 
spontaneously  metastatic  BALB/c-derived  4T1  mammary  carcinoma  (15-17).  This  tumor 
closely  models  human  breast  cancer  in  many  of  its  characteristics  including  its  pattern  of 
metastatic  spread  (18).  Also  similar  to  many  human  cancers  (19-23),  4T1  induces  a  profound 
immune  suppression  which  can  be  partially  reversed  if  the  primary  tumor  is  removed  (24).  Our 
finding  that  CDT7'  mice  whose  primary  tumors  are  surgically  removed  survive  indefinitely, 
despite  the  presence  of  metastatic  disease,  has  led  us  to  hypothesize  that  immune  surveillance  is 
blocked  in  wild  type  mice  by  two  factors:  i)  an  inhibitor  that  is  regulated  by  the  CDld  gene,  and 
ii)  immune  suppression  induced  by  primary  tumor.  Berzofsky  and  colleagues,  using  the  15- 
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12RM  fibrosarcoma,  have  also  concluded  that  wild  type  mice  contain  an  inhibitor  of  immune 
surveillance,  and  have  identified  the  inhibitor  as  the  cytokine  IL-13.  They  argue  that  IL-13 
blocks  immune  surveillance  by  activating  Grl+CD1  lb+  myeloid-derived  suppressor  cells  (MSC) 
that  secrete  the  immunosuppressive  cytokine  TGFP  (8,  9).  Although  the  immune  suppression 
present  in  mice  with  4T1  primary  tumors  is  also  mediated  by  Grl+CD1  lb+  MSC,  unlike  the  15- 
12RM  tumor  system,  4Tl-induced  MSC  are  not  induced  by  IL-13  (present  report)  and  do  not 
produce  TGFP  (25),  indicating  that  resistance  to  the  15-12RM  and  4T1  tumors  is  mediated  by 
different  mechanisms. 

Previous  studies  with  the  4T1  tumor  in  STAT6'  '  mice  demonstrated  that  in  addition  to 
MSC.  macrophages  also  regulate  tumor  growth  (25V  Macrophages  polarized  towards  an  M2 
phenotype,  produce  arginase  and  support  tumor  growth.  In  contrast  Ml  macrophages,  which 
produce  iNOS.  are  tumoricidal  and  mediate  tumor  regression  (26). 

It  is  important  to  clarify  the  mechanisms  that  promote  immune  surveillance  and  facilitate 
tumor  regression  since  a  better  understanding  of  these  mechanisms  may  lead  to  strategies  that 
enhance  tumor-specific  immunity.  Therefore,  we  have  studied  the  pathways  leading  to  effective 
immune  surveillance  against  the  4T1  mammary  carcinoma  in  CDl-deficient  mice  whose  primary 
tumors  have  been  surgically  removed,  but  who  retain  disseminated,  metastatic  disease.  We  find 
that  effective  immune  surveillance  requires  a  combination  of  three  conditions:  i)  The  generation 
of  iNOS-producing  tumoricidal  Ml  macrophages  that  are  produced  because  CDT/-  mice  are 
deficient  for  IL-13  which  polarizes  macrophages  to  an  M2  phenotype;  ii)  A  rapid  decrease  in  the 
quantity  of  myeloid-derived  Grl+CD1  lb+  suppressor  cells  that  are  elevated  when  primary  tumor 
is  present  and  that  suppress  CD4+  and  CD8+  T  cell  activation  via  the  production  of  arginase  and 
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reactive  oxygen  species;  and  iii)  The  activation  of  functional  lymphocytes. 


MATERIALS  AND  METHODS 

Mice.  CD  1 -deficient  (CD l  7  )  (11),  3A9+/'  TCR-transgenic,  (Vp8.2  T  cell  receptor  (TCR) 
specific  for  hen  eggwhite  lysozyme  (HEL)  restricted  to  I-Ak  (27),  DOl  1.10  TCR-transgenic 
(Vp8-TCR  restricted  to  chicken  ovalbumin  (OVA)  peptide  323-339  restricted  by  I-Ad  (28), 
Signal  Transducer  and  Activator  of  Transcription  6-deficient  (STAT6'/_),  and  BALB/c  mice  were 
obtained  as  described  (25).  IL-4  receptor  alpha-deficient  (lL-4Ra'/_)  and  RAG2-deficient  (RAG' 
'')  were  from  The  Jackson  Laboratory,  Bar  Harbor,  ME  and  Taconic  Farms  (Germantown,  MD), 
respectively.  All  strains  are  on  a  BALB/c  background.  Female  mice  of  8-1 6  wk  were  used  for 
all  studies.  Mice  were  maintained  and/or  bred  in  the  University  of  Maryland  Baltimore  County 
(UMBC)  animal  facility  according  to  the  NIH  guidelines  for  the  humane  treatment  of  laboratory 
animals.  All  animal  procedures  are  approved  by  the  UMBC  IACUC. 

Reagents  and  Antibodies.  Sodium  thioglycolate  and  LPS  were  from  Difco  (Detroit,  Michigan); 
recombinant  mouse  IFNy  from  Pierce-Endogen  (Rockford,  IL);  dichlorodihydrofluorescein 
diacetate  (DCFDA)  and  dihydroethidium  (DHE)  from  Molecular  Probes  (Eugene,  OR).  HA 
peptide  5 1 8-526  and  OVA  peptide  323-339  were  synthesized  and  HPLC  purified  in  the 
Biopolymer  Core  Facility  at  the  University  of  Maryland,  Baltimore. 

VP8.1,2-PE,  CDldl.l-PE,  Grl-PE,  rat  IgG2a-PE  isotype,  and  rat  IgG2a-FITC  isotype 
were  from  BD  Pharmingen  (San  Jose,  CA).  CD3C-FITC  was  from  Abeam  Cambridge,  MA. 
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CD1  lb-FITC  and  KJ1-26,  an  anti-clonotypic  mAb  that  recognizes  the  DOl  1.10  TCR  (29),  were 
from  Caltag  (Burlingame,  CA).  MAb  to  arginase  1,  and  rat  anti-mouse  Gr-1  antibody  for  MACS 
sorting  (clone  RB6-8C5)  were  from  BD  Transduction  Laboratories  (San  Jose,  CA)  and 
Pharmingen,  respectively. 

Cell  Lines,  Tumor  Challenges,  Surgery,  and  Metastasis  Assay 
The  J774  macrophage  cell  line  (American  Type  Culture  Collectio,  Manassas,  VA)  was 
maintained  in  Dulbecco’s  Modified  Eagle’s  Medium  (DMEM;  Biofluids,  Rockville,  MD)  (25). 
Mice  were  inoculated  in  the  abdominal  mammary  gland  with  7000  4T1  cells,  and  primary  tumor 
growth  and  lung  metastases  were  measured  as  described  (17)  (18,  24).  Tumor  size  was 
measured  on  the  day  of  surgery  and  tumor  diameter  (TD)  was  calculated  as  the  square  root  of 
length  x  width.  Primary  tumors  were  surgically  removed  as  described  (30).  For  experiments 
comparing  non-surgery  vs.  post-surgery  groups,  mice  were  inoculated  with  4T1  on  day  0  and 
TPs  were  measured  on  the  day  of  surgery.  Mice  were  then  divided  into  two  groups  so  that  the 
average  TD  for  the  groups  were  not  significantly  different.  Primary  tumors  were  removed  from 
one  group  (“post-surgery”)  and  left  in  place  for  the  other  group  (“non-surgerv”T 

T  Cell  and  Macrophage  Depletions.  Mice  were  depleted  for  CD4+  (mAb  GK1 .5)  or  CD8+ 
(mAb  2,431  T  cells  or  with  irrelevant  antibodies  as  described  (31).  Liposomes  loaded  with 
clondronate  or  control  liposomes  without  clondronate  were  prepared  and  used  to  deplete 
macrophages  as  described  (32).  Briefly,  mice  were  injected  i.p.  on  days  land  4  after  surgery 
with  0,2  ml  of  clodronate  or  control  PBS  liposomes,  and  thereafter  once  a  week  with  0.1  ml  of 
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clodronate  or  control  PBS  liposomes.  Treatment  continued  until  all  of  the  experimental  mice 
were  moribund. 


Flow  Cytometry.  Live  cells  were  labeled  for  cell  surface  molecules  by  direct 
immunofluorescence(18).  Samples  were  analyzed  on  an  Epics  XL  flow  cytometer  (Beckman 
Coulter,  Miami,  FL)  and  analyzed  using  Expo32  ADC  software  (Beckman  Coulter). 

Myeloid  Suppressor  Cells  (MSC)  and  Reactive  Oxygen  Species  (ROS).  Splenic  MSC  were 
positively  purified  by  magnetic  bead  sorting  using  LS  columns  and  rat  anti-mouse  Grl  antibody 
with  anti-rat  IgG  microbeads  (25)  (Miltenyi  Biotec,  Auburn,  CA).  Purifed  MSC  were  assayed 
by  flow  cytometry  and  were  >  90%  Grl+CD1  lb+.  ROS  production  was  measured  by  DCFDA 
and  DHE  as  described  (25). 

Macrophage  Isolation  and  Functional  Assays.  Peritoneal  macrophages  were  generated  by 
injecting  1  ml  of  sterile  3%  Brewer  thioglycolate  medium  (Difco)  in  distilled  water  i.p.  Five 
days  later,  mice  were  euthenized  by  C02  asphyxiation,  their  abdomens  wiped  with  70%  alcohol, 
and  10  ml  of  sterile  PBS  was  injected  into  the  peritoneal  cavity  and  the  resulting  peritoneal  fluid 
was  withdrawn  aseptically  using  a  10  ml  syringe.  Contaminating  RBC  were  lysed  with  Gey’s 
solution,  and  the  peritoneal  exudate  cells  were  washed  twice  with  DMEM  with  10%  FCS.  Cells 
were  plated  at  1.5><1 06/ml  in  0.5  ml  DMEM  containing  10%  FCS  in  the  wells  of  24  well  plates. 
Non-adherent  cells  were  removed  after  a  3  hr  incubation  at  37°C  in  5%  C02.  The  resulting 
macrophages  were  activated  by  culturing  with  IFNy  and  LPS  at  final  concentrations  of  2  and 
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100  ng/ml,  respectively  for  16  hrs.  In  some  experiments  macrophages  were  stimulated  with  IL-4 
or  IL-13  at  a  final  concentration  of  50  ng/ml  for  16  hrs  in  DMEM  containing  5%  FBS  prior  to 
their  activation  with  IFNy  and  LPS. 

Western  Blots.  Cultured  macrophages  were  washed  with  excess  PBS  and  resuspended  in  200  pi 
of  lysis  buffer  (one  tablet  of  proteinase  inhibitor  mix  (Roche),  2  mM  PMSF,  50  mM  HEPES,  1 50 
mM  NaCl,  5  mM  EDTA,  1  mM  sodium  orthovanadate,  5%  Triton  in  10  ml  H20).  Lysates  were 
microfuged  (3000  g  for  10  min  at  4°C),  the  clarified  supernatants  electrophoresced  in  12%  SDS- 
PAGE  gels,  and  the  proteins  blotted  onto  Hybond-PVDF  membranes  (Amersham,  Piscataway, 
NJ),  and  immunoblotted  with  mAbs  to  arginase  1  (33).  Proteins  were  detected  using  Supersignal 
West  Pico  chemiluminescent  substrate  (Pierce,  Rockford,  IL). 

Nitric  Oxide  (NO)  and  Cytotoxicity  Assays.  NO  was  measured  using  Griess  (34)  as  described 
(25).  Data  are  the  mean  ±  SD  of  triplicate  wells.  Macrophage  cytotoxicity  was  determined  by 
the  procedure  of  (35)  as  described  (25).  Values  are  the  average  of  triplicates  ±  SD.  Background 
values  for  media  were  subtracted  from  each  point.  Activated  and  non-activated  macrophages 
without  4T1  were  routinely  run  and  gave  no  LDH  release. 

Percent  specific  lysis  =  100%  x  [(A490  Experimental  -  A490  Spontaneous)/(A490  Maximum)] 

T  cell  Proliferation  Assay:  T  cell  proliferation  and  transwell  experiments  were  performed  as 
described  (25).  All  points  were  run  in  triplicates.  Data  are  expressed  as: 

%  suppression  =  100%  [l-(cpm  of  spleen+peptide+MSC/cpm  of  spleen+  peptide)]. 
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CD3£  Expression.  Cells  were  mixed  with  peptide  and  with  or  without  irradiated  MSC  (5000 
Rads)  in  24  well  plates  (5x  1 05  T  cells,  106  MSC,  in  500  |il  HL1  culture  medium 
(Biowhittaker)/well).  After  3  days  of  culture,  cells  were  harvested,  labeled  for  cell  surface 
markers  (KJ1 -26-tricolor  mAb  for  DO  1 1.10  with  CD4-PE;  or  VP8-PE  mAb  for  Clone  4  with 
CD8-tricolor  (all  at  a  1 :50  dilution),  fixed  with  4%  paraformaldehyde,  permeabilized  with  0.1% 
saponin,  and  stained  with  a  1 :20  dilution  of  CD3£-FITC  mAb.  Labeled  cells  were  analyzed  for 
expression  of  CD3£  by  gating  on  double  positive  (CD4+KJl-26+  or  CD8f  V(38+)  cells. 

'  Statistical  Analysis.  Student’s  t  test  for  unequal  variance  was  performed  using  Microsoft 
Excell  2000. 

RESULTS 


CDl-deficient  Mice  Survive  Indefinitely  After  Surgical  Removal  of  Primary  4T1 
Mammary  Carcinoma.  The  4T1  mammary  carcinoma  is  a  BALB/c-derived  tumor  that 
spontaneously  metastasizes  following  inoculation  into  the  mammary  gland.  Similar  to  human 
breast  cancer,  metastatic  disease  progresses  while  the  primary  tumor  is  present,  as  well  as  after 
the  primary  tumor  is  surgically  removed.  We  have  previously  used  this  tumor  system  to  study 
tumor  immunity  in  a  setting  comparable  to  that  of  breast  cancer  patients  whose  primary  tumors 
have  been  removed,  but  who  have  residual,  disseminated  metastatic  disease  (18,  30,  36).  To 
confirm  our  earlier  findings  that  CDl-deficient  mice  are  resistant  to  4T1  metastatic  disease, 
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CD  1 -deficient  and  control  syngeneic  CD  1 -competent  BALB/c  mice  were  injected  s.c.  in  their 
abdominal  mammary  gland  with  7000  4T1  cells,  primary  tumors  were  either  left  in  place  (non¬ 
surgery  group)  or  surgically  removed  2-3  weeks  later  (post-surgery  group),  and  mice  were 
followed  for  survival  (TD  at  the  time  of  surgery,  BALB/c:  4.93  ±  0.98;  CDL7':  4.9  ±  1 .2  mm). 
As  shown  in  figure  1A,  100%  of  post-surgery  CDl^'mice  survived  >180  days,  whereas  89%  of 
the  BALB/c  mice  died  with  a  mean  survival  time  (MST)  of  53.4  days.  To  determine  if  the 
differential  in  survival  time  between  CD  1 -deficient  and  BALB/c  mice  was  due  to  differences  in 
metastatic  disease  burden,  the  lungs  of  non-surgery  and  post-surgery  CD1 -deficient  and  BALB/c 
mice  were  removed  30-39  days  after  4T1  challenge  (9-1 1  days  after  surgery  for  the  surgery 
groups),  and  tested  by  the  clonogenic  assay  for  the  number  of  metastatic  tumor  cells.  Non¬ 
surgery  and  post-surgery  CD  1 -deficient  and  BALB/c  mice  have  very  similar  levels  of  metastatic 
cells  in  their  lungs  (figure  IB).  Therefore,  despite  the  presence  of  high  levels  of  metastatic 
tumor,  CDl'/_  mice  whose  primary  tumors  are  removed  survive,  while  BALB/c  mice  die.  To 
determine  if  CD  l'7' mice  survive  because  they  eliminate  metastatic  cells,  lung  metastases  were 
quantified  by  the  clonogenic  assay  in  long-term  (4-10  month)  CD  V1'  survivors.  These  mice  had 
no  detectable  4T1  cells  and  splenic  MSC  levels  were  in  the  normal  range  (<8%).  indicating  that 
post-surgery  CDl^mice  are  resistant  because  they  reject  4T1  tumor  cells  (data  not  shown). 

A  trivial  explanation  for  the  resistance  of  CDT7'  mice  to  4T1  tumor  is  that  4T1  tumor 
cells  contain  CD1  protein  that  functions  as  an  alloantigen  in  the  CDT  "  mice.  To  eliminate  this 
possibility,  4T1  tumor  cells  were  tested  by  flow  cytometry  for  CD1  expression.  As  shown  in 
figure  1C,  4T1  cells  do  not  contain  CD1.  Therefore,  rejection  of  4T1  tumor  and  survival  of 
CD1"7'  mice  is  not  due  to  an  immune  response  against  the  knocked-out  gene  product. 
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Myeloid  Suppressor  Cell  Levels  Return  to  Normal  in  CDl-deficient  Mice  After 
Removal  of  Primary  Tumor.  Myeloid  suppressor  cells  (MSC)  accumulate  in  some  tumor¬ 
bearing  patients  and  animals  and  are  potent  inhibitors  of  cell-mediated,  tumor-specific  immunity 
(19-23).  These  cells  are  immature  cells  that  are  in  the  process  of  differentiating  into  mature 
granulocytes,  dendritic  cells  (DC),  or  macrophages,  and  are  identified  by  their  expression  of  Grl 
and  CD1 1  b.  In  previous  studies  we  have  found  that  4T1  tumor  progression  is  associated  with 
the  accumulation  of  MSC  in  tumor-susceptible  mice  (25).  To  determine  if  the  resistance  of 
CDl-deficient  mice  is  related  to  MSC  activity,  MSC  levels  were  measured  in  tumor-bearing 
CDl-deficient  and  CDl-competent  mice.  CD1';'  and  wild  type  BALB/c  mice  were  inoculated 
with  4T1  tumor  cells,  and  splenocytes  were  harvested  30-39  days  later  and  analyzed  for  CD1  lb+ 
Grl +  cells  by  flow  cytometry  (TD  at  the  time  of  surgery.  BALB/c:  6.05  ±  0.75  mm:  CPI  7':  6.38 
±  0.8  mm).  Tumor-free  BALB/c  and  CDY''  mice  have  <8%  splenic  MSC,  while  tumor-bearing 
(non-surgery)  mice  have  elevated  levels  of  MSC  (figure  2A)  fBALB/c:  23  ±11  %:  CD1-/":  26  ± 
5  %).  Therefore,  non-surgery  CDl-deficient  and  CDl-competent  mice  both  have  elevated  levels 
of  MSC  relative  to  tumor-free  mice. 

To  determine  if  surgical  removal  of  primary  tumor  differentially  affects  MSC  levels, 
BALB/c  and  CDl-deficient  mice  were  inoculated  with  4T1  tumor,  primary  tumors  were 
removed  21-28  days  later,  and  splenocytes  were  analyzed  9-1 1  days  later  (day  30-39  after  initial 
tumor  inoculation)  (TD  at  surgery:  BALB/c:  6.12  ±  0.81  mm;  CD1 /~:  5.99  ±  0.90  mm).  After 
surgery.  MSC  levels  in  90%  of  post-surgery  CD  l'A  mice  are  within  the  normal  range  (<  8%). 
while  only  21%  of  post-surgery  BALB/c  mice  have  <  8%  MSC  (figure  2A).  Therefore,  while 
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MSC  levels  are  high  in  the  spleens  of  both  B ALB/c  and  CD  l'7' mice  when  primary  tumor  is 
present,  MSC  levels  drop  to  the  normal  level  in  most  post-surgery  CD l'7' mice. 

The  accumuation  of  MSC  is  most  likely  driven  by  factors  secreted  by  tumor  cells  (37). 
Therefore,  the  dramatic  decrease  in  post-surgery  CD  1 -deficient  mice  may  be  because  they  have 
less  metastatic  disease  than  wild  type  BALB/c  mice.  To  test  this  hypothesis,  the  numbers  of 
metastatic  cells  in  the  lungs  of  the  post-surgery  mice  of  figure  1 A  were  graphed  with  the  percent 
of  splenic  MSC  from  the  corresponding  mice  (figure  2B).  Both  wild  type  BALB/c  and  CD1- 
deficient  mice  have  extensive  metastatic  disease,  and  there  is  no  correlation  between  percentage 
of  MSC  and  the  number  of  metastatic  cells.  Therefore,  the  decrease  in  MSC  in  CD1 -deficient 
mice  after  surgery  is  independent  of  metastatic  tumor  burden. 

Although  MSC  levels  are  driven  by  tumor-secreted  factors,  lymphocytes  may  also  play  a 
role.  To  determine  if  the  decrease  in  MSC  is  lymphocyte-dependent,  splenic  MSC  levels  were 
determined  for  BALB/c  RAG'7'  mice  inoculated  with  4T1  according  to  the  schedule  for  BALB/c 
and  CDL7'  mice  in  figure  2A  (TD  on  the  day  of  surgery,  non-surgerv:  5.07  ±  1 .2  mm;  post- 
surgery:  5.57  ±  0.95  mm).  Likewise.  TD  of  non-surgery  RAG'7',  BALB/c.  and  CPI'7'  mice  were 
similar  at  day  30-39  after  tumor  inoculation  when  splenic  MSC  levels  were  measured  (RAG'7': 
9.3  ±  L5  mm:  BALB/c:  9.5  ±  0.73:  CPI'7':  10.24  ±  1.10).  The  baseline  level  of  GrCCDl  lb+ 
splenocytes  in  tumor-free  RAG'7"  mice  is  <8%,  while  non-surgery  RAG'7'  mice  have  significantly 
(p  <  0.01)  more  MSC  than  BALB/c  or  CD1'7'  mice  (figure  2)  (RAG'7'  MSC:  51.8%  ±  6).  After 
surgery,  MSC  in  RAG'7'  mice  remain  significantly  higher  than  in  BALB/c  or  CD1'7'  mice 
(pO.Ol). 

To  determine  if  CD4+  and/or  CD8+  T  cells  are  also  involved  in  immune  surveillance. 
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post-surgerv  CDr;~  mice  were  in  vivo  depleted  for  CD4+  or  CD8+  T  cells  or  treated  with 
irrelevant  antibodies.  Both  CD4+  and  CD8+  T  cells  are  required  for  tumor  resistance  since  100% 
of  CD4-depleted  (3/3)  and  80%  of  CD8-depleted  (4/5)  post-surgerv  CPrA  mice,  but  none  of  the 
irrelevant  antibody  treateded  mice  (3/31  die.  Therefore,  lymphoid  cells  are  essential  for  tumor 
rejection  and  may  act  by  reducing  the  amounts  of  MSC  in  post-surgerv  BALB/c  mice. 

MSC  Inhibit  T  Cells  by  an  Arginase-dependent  Mechanism.  CD1 mice  may  have 
greater  tumor  immunity  because  their  MSC  are  less  suppressive  than  MSC  of  BALB/c  mice.  To 
test  this  possibility,  splenocytes  from  non-surgery  BALB/c  and  CDl"/_  mice  were  MACS  purified 
for  Grl  (>91%  and  93%  Grl+CD1  lb+for  BALB/c  and  CDl'7',  respectively).  The  resulting  MSC 
were  then  co-cultured  with  antigen-specific  CD4+  or  CD8+  syngeneic  T  cells  or  CD4+  allogeneic 
T  cells  plus  the  appropriate  peptide  ( H-2d  D01 1.10  with  OVA-peptide,  H-2d  clone  4  with  HA- 
peptide,  or  H-2k  3A9  with  HEL,  respectively),  and  T  cell  activation  measured  by  3H-thymidine 
uptake  (Figure  3A).  On  a  per  cell  basis,  purified  BALB/c  and  CDl'7'  MSC  were  equally  capable 
of  suppressing  syngeneic  CD4+  or  CD8+,  or  allogeneic  CD4+  T  cells. 

MSC  are  thought  to  mediate  their  effects  via  the  production  of  arginase  and/or  inducible 
nitric  oxide  synthase  (iNOS)  (38).  To  ascertain  if  CDl'7"  MSC  mediate  suppression  by  either  of 
these  molecules,  DOl  1.10  transgenic  T  cells  were  co-cultured  with  CDL7'  MSC  in  the  presence 
of  OVA-peptide  and  the  arginase  inhibitor  nor-NOHA,  or  the  iNOS  inhibitor  L-NMMA,  and  T 
cell  proliferation  measured  by  3H-thymidine  uptake.  The  arginase  inhibitors,  but  not  the  iNOS 
inhibitor,  reverses  the  suppression  (figure  3BT  Therefore,  CDl'7'  MSC  inhibit  T  cell  activation 
via  arginase  production. 
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To  determine  if  suppression  requires  direct  contact  between  the  MSC  and  T  cells,  CDF' 
MSC  were  suspended  in  transwell  chambers  in  wells  containing  OVA-peptide-pulsed  DOl  1.10 
T  cells  (figure  3C).  Proliferation  of  DOl  1.10  cells  was  not  inhibited  when  the  MSC  were 
separated  from  the  T  cells  by  a  semi-permeable  membrane.  Therefore,  suppression  requires 
direct  contact  between  the  MSC  and  the  affected  T  cells. 

MSC  Down-regulate  T  Cell  Receptor-associated  Zeta  Chain  in  CD4+,  but  not  CD8+  T  Cells. 

Ochoa  and  colleagues  have  demonstrated  that  T  cell  dysfunction  caused  by  macrophages  or 
bacteria  is  associated  with  the  down-regulation  of  the  TCR-associated  CD3C  chain  (39,  40).  To 
determine  if  MSC  induce  suppression  by  this  mechanism,  OVA  peptide-pulsed  CD4+  DOl  1 .10  T 
cells  were  co-cultured  with  MSC  from  BALB/c  or  CDl^'mice.  Following  three  days  of 
incubation,  the  cultures  were  harvested,  and  the  cells  triple  labeled  for  CD3£,  CD4,  and  the 
DOl  1.10  clonotype  (KJ1-26).  The  cells  were  analyzed  by  flow  cytometry  by  gating  on  the 
DOl  1 .10+  CD4+  double  positive  population  and  assessing  CD3£  expression.  Fifty-three  percent 
of  DOl  1.10  transgenic  T  cells  co-cultured  with  OVA  peptide  have  elevated  levels  of  CD3C  chain 
(figure  4,  top  two  panels).  If  BALB/c  or  CDT/_  MSC  are  added  to  the  cultures,  then  only  17% 
and  15%  of  the  T  cells,  respectively,  have  elevated  CD3£  expression.  Therefore.  BALB/c  and 
CDF7'  MSC  reduce  CD3C  chain  expression  which  probably  inhibits  T  cell  activation  by 
inhibiting  signal  transduction. 

To  determine  if  MSC  also  suppress  the  activation  of  CD8+  T  cells  via  the  down- 
regulation  of  CD3C,  CD8+  clone  4  T  cells  were  cultured  as  per  the  CD4+  DOl  1.10  T  cells  but 
with  HA  peptide.  The  resulting  cells  were  gated  on  the  CD8+  VP8+  double  positive  population 
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and  analyzed  for  CD3£  expression  (figure  4,  bottom  two  panels).  Similar  to  the  CD4+  T  cells, 
more  than  half  of  the  activated  CD8+  T  cells  had  elevated  levels  of  CD3C-  However,  in  contrast 
to  the  CD4+  T  cells,  CD3C  levels  did  not  decrease  following  co-culture  with  either  BALB/c  or 
CD1'a  MSC.  Therefore,  BALB/c  and  CD17'  MSC  suppress  CD4+  T  cells  by  down-regulating 
CD3C  chain,  but  suppress  CD8+  T  cells  via  a  different  mechanism. 

BALB/c  and  CD1"A  MSC  Produce  Reactive  Oxygen  Species  (ROS).  Gabrilovich  and 
colleagues  have  shown  that  production  of  ROS  is  a  characteristic  of  MSC  (41)  and  we  have 
previously  noted  that  ROS  production  characterizes  different  populations  of  MSC  (25).  To 
determine  if  ROS  are  differentially  expressed  in  BALB/c  vs.  CD1V'  MSC,  splenic  MSC  were 
MACS  purified  from  tumor-free  and  non-surgery  mice  and  analyzed  by  flow  cytometry  for  ROS. 
Staining  with  DHE,  which  measures  superoxide,  was  negative  (data  not  shown).  Staining  with 
DCFDA,  which  measures  hydrogen  peroxide,  hydroxyl  radical,  peroxynitrile,  and  superoxide, 
demonstrates  that  Grl+CD1  lb+  splenic  cells  from  non-surgery  BALB/c  (figure  5A)  and  CD1'A 
(figure  5B)  mice  contain  more  ROS  than  MSC  from  the  corresponding  tumor-free  mice.  To 
assess  if  arginase  is  involved  in  ROS  production,  the  arginase  inhibitor  nor-NOHA  was  added  to 
the  purified  Grl+CD1  lb+  cells  prior  to  their  staining  with  DCFDA.  Although  nor-NOHA  has  no 
effect  on  ROS  expression  in  CDL7"  MSC,  it  inhibits  ROS  expression  in  BALB/c  MSC. 

Therefore,  MSC  from  both  BALB/c  and  CD1 ''  mice  contain  ROS;  however,  ROS  expression  in 
the  CDL7'  MSC  is  arginase-independent,  while  in  BALB/c  MSC  it  is  arginase-dependent. 

CD1'a  Mice  Have  Tumoricidal  Ml  Macrophages.  iNOS-producing  Ml  macrophages 
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are  associated  with  heightened  anti-tumor  immunity  and  inhibition  of  tumor  progression  (26,  42, 
43).  IL-4  and  IL-13  are  known  to  polarize  macrophages  away  from  an  Ml  phenotype  and 
towards  an  M2  phenotype  (26,  43).  Since  CD17'  mice  lackNKT  cells,  which  are  a  major  source 
of  IL-13  (11,  12,  44,  45),  they  may  preferentially  generate  Ml  macrophages,  which  may 
contribute  to  tumor  resistance.  To  test  this  hypothesis,  peritoneal  macrophages  from  BALB/c  and 
CDF7*  mice  were  activated  in  vitro  with  LPS  and  IFNy  and  assayed  for  iNOS  production.  LPS 
and  IFNy  activated  macrophages  from  STAT6'7'  and  IL-4Ra'7"  mice  were  used  as  controls.  The 
IL-4Ra  is  a  common  chain  that  is  shared  between  the  receptors  for  IL-4  and  IL-13  and  hence  is 
required  for  transmitting  signals  for  both  of  these  cytokines  (46,  47).  STAT6  is  a  transcription 
factor  that  transmits  signals  through  the  IL-4Ra  (48-50).  Therefore,  STAT6'7'  and  !L-4Ra'7' 
macrophages  should  make  iNOS  regardless  of  the  presence  or  absence  of  IL-4  and/or  IL-13  (51). 

Macrophages  from  all  four  strains  that  are  activated  in  vitro  with  LPS  and  IFNy  in  the  absence 
of  IL-4  or  IL-13,  produce  iNOS  (figure  6).  However,  if  the  macrophages  are  treated  with  IL-4 
or  IL-13  prior  to  activation  with  LPS  and  IFNy,  then  BALB/c  and  CDl7'  macrophages  make 
much  less  iNOS,  whereas  iNOS  production  by  STAT6'7"  and  IL-4Ra'7'  is  unaffected.  Since 
BALB/c  mice  will  produce  IL-4  and/or  IL-13  in  vivo,  their  macrophages  will  not  make 
significant  levels  of  iNOS,  and  hence  BALB/c  mice  will  not  have  Ml  macrophages.  In  contrast, 
CDF7"  mice  will  have  iNOS-producing  Ml  macrophages  in  vivo  because  they  have  diminished 
levels  of  IL-4  and  IL-13  since  they  lack  NKT  cells. 

The  production  of  arginase  has  been  associated  with  M2  type  macrophages  which  are 
thought  to  promote  tumor  progression  (26,  42,  43).  To  determine  if  arginase  production  by 
macrophages  is  associated  with  tumor  progression,  BALB/c,  CD1"7',  and  IL-4Ra'7'  peritoneal 
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macrophages  were  isolated  and  tested  for  arginase  by  western  blot  (figure  6B).  Macrophages 
were  either  not  activated  (lane  1),  activated  with  LPS  plus  IFNy  (lane  2),  pretreated  with  IL-4 
before  LPS  and  IFNy  activation  (lane  3),  pretreated  with  IL-13  before  LPS  and  IFNy  activation 
(lane  4),  unactivated  and  treated  with  IL-4  (lane  5),  or  not  activated  and  treated  with  IL-13  (lane 
6).  BALB/c  and  CDTA  macrophages,  regardless  of  treatment,  contain  arginase,  whereas  IL-4Ra 
''  macrophages  contain  very  little,  if  any  arginase. 

Macrophage  tumoricidal  activity  is  attributed  to  iNOS  production  (26),  so  CDTA 
macrophages  may  be  tumoricidal  even  though  they  also  contain  arginase.  To  test  this 
hypothesis,  BALB/c,  CDl'/_,  and  IL-4Ra_/"  peritoneal  macrophages  were  harvested,  activated  in 
vitro  with  LPS  and  IFNy  and  tested  for  cytotoxic  activity  against  4T1  tumor  cells.  CDl-/~  and 
positive  control  IL-4R«~/-  macrophages  are  significantly  more  cytotoxic  than  BALB/c 
macrophages  (figure  60  (p<0.05).  The  cytotoxicity  is  due  to  iNOS.  since  addition  of  the  iNOS 
inhibitor,  L-NMMA.  eliminates  the  cytotoxic  effect,  whereas  the  inactive  inhibitor  D-NMMA 
has  no  effect.  Therefore,  although  CD  l'7"  macrophages  contain  both  iNOS  and  arginase,  they 
have  strong  tumoricidal  activity  indicating  they  are  polarized  towards  the  M 1  phenotype.  To 
confirm  the  role  of  Ml  macrophages  in  tumor  resistance,  macrophages  were  depleted  from  post- 
surgery  CPI7'  mice  by  treatment  with  liposomes  loaded  with  clodronate.  Macrophage-depleted 
(3/3)  mice  were  dead  by  42  days  after  injection  of  primary  tumor,  whereas,  mice  treated  with 
PBS  loaded  liposomes  survived  (MST  >  83  days).  Therefore,  NO-producing  Ml  macrophages 
are  essential  for  the  survival  of  post-surgery  CDT/-  mice. 

IL^Ra  ^  Mice  are  Tumor  Susceptible  and  Maintain  Elevated  Levels  of  MSC  After 
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Surgery.  If  the  presence  of  Ml  macrophages  is  sufficient  for  tumor  resistance,  then  IL-4Ra'/_ 
mice,  which  have  tumoricidal  Ml  macrophages,  may  survive  after  removal  of  primary  tumor.  To 
test  this  possibility,  BALB/c  and  IL-4Ra'/_  mice  were  inoculated  with  4T1,  primary  tumors 
surgically  removed  2-3  weeks  later,  and  the  mice  followed  for  survival.  IL-4Ra'/_  mice  are  just  as 
susceptible  as  BALB/c  mice  ( 5/6  IL^RcT7'  vs.  7/8  BALB/c  mice  die),  indicating  that  despite  the 
presence  of  Ml  macrophages,  IL-4Ra'/_  mice  do  not  have  heightened  tumor  immunity.  Because 
tumor  immunity  in  CDl'/_  (see  figure  2)  and  STAT6'/_  (25)  mice  is  associated  with  a  rapid 
decrease  to  baseline  in  MSC,  we  assessed  MSC  levels  in  tumor-bearing  non-surgery  and  post¬ 
surgery  IL-dRci'7'  mice.  (TD  at  the  time  of  MSC  assessment  for  non-surgery  mice,  BALB/c:  6.1  ± 
1.7  mm;  IL-4RaA:  7.1  ±  1.1  mm).  (TD  at  the  time  of  surgery  for  the  post-surgery  groups. 
BALB/c:  6.5  ±  1  mm:  IL-4Ra-/~:  7.5  ±  0.43  mm).  Non-surgery  IL-4Rav'  mice  have  elevated 
levels  of  MSC  (figure  7A),  and  MSC  remain  elevated  after  surgery  similar  to  BALB/c  (p>  0.05), 
with  only  14%  of  IL-4Ra_/'  mice  having  normal  levels  (<8%  MSC).  Likewise,  post-surgery  IL- 
4R<x'/‘  mice  contain  high  levels  of  metastatic  cells  (figure  7B).  Therefore,  although  IL-4Ra'/_ 
mice  generate  tumoricidal  M 1  macrophages,  they  are  not  tumor  resistant  and  they  have  elevated 
levels  of  MSC,  even  after  removal  of  primary  tumor. 

DISCUSSION 


Despite  the  presence  of  extensive  metastatic  mammary  carcinoma,  CD1 -deficient  mice 
survive  indefinitely  if  4T1  primary  tumor  is  surgically  removed.  Resistance  is  associated  with 
three  phenomena:  i)  the  production  of  iNOS-producing  Ml  macrophages;  ii)  a  rapid  decrease  to 
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baseline  in  the  levels  of  MSC;  and  iii)  the  presence  of  functional  lymphocytes.  Resistance  to 
metastatic  disease  requires  the  coordinate  interaction  of  the  three  conditions;  neither  mechanism 
alone  is  sufficient  to  mediate  tumor  rejection. 

iNOS-producing  Ml  macrophages  with  tumoricidal  activity  have  been  described  in 
numerous  tumor  systems  (26,  42,  43).  They  are  cytotoxic  because  iNOS  converts  arginine  and 
oxygen  to  NO,  which  is  toxic.  The  tumoricidal  macrophages  of  CD  l'7'  mice  are  unusual  in  that 
they  produce  iNOS  and  arginase.  Typically,  Ml  macrophages  produce  less  arginase  because  it 
degrades  arginine  and  therefore  limits  the  amount  of  substrate  available  for  conversion  to  NO  (52, 
53).  Despite  the  co-expression  of  arginase  by  CD1'7'  macrophages,  these  cells  produce  sufficient 
NO  to  mediate  tumor  cell  destruction,  indicating  that  tumoricidal  Ml  macrophages  can 
coordinately  express  iNOS  and  arginase.  El-Gayar  et  al  (53)  have  demonstrated  that  IL-1 3 
prevents  iNOS  production  thereby  polarizing  macrophages  towards  a  M2  phenotype.  Since  CD1" 
7'  mice  lack  NKT  cells,  which  are  a  major  producer  of  1L-13,  it  is  likely  that  CDT7'  mice  have  Ml 
macrophages  because  they  are  deficient  for  IL-1 3.  This  hypothesis  is  supported  by  two  findings: 
i)  Addition  of  IL-1 3  to  cultures  of  CD  l'7'  macrophages  polarizes  them  towards  a  M2  phenotype; 
and  ii)  Macrophages  from  IL-4Ra‘7‘  mice,  which  lack  the  receptor  for  IL-1 3,  are  also  Ml  type 
iNOS-producers  and  tumoricidal.  Although  both  IL-1 3  and  IL-4  signal  through  the  IL-4Ra  and 
STAT6,  it  is  unlikely  that  IL-4  is  the  relevant  inhibitor  of  Ml  macrophages  generation  in  vivo 
since  IL-4  is  produced  by  activated  Th2  cells  in  addition  to  NKT  cells  (54,  55),  and  CD1"7'  mice 
are  only  deficient  for  NKT  cells.  Therefore,  CD1"7"  mice  which  are  deficient  for  IL-13  (12), 
constitutively  generate  iNOS-producing  Ml  macrophages  which  are  cytotoxic  for  4T1  tumor, 
while  wild  type  BALB/c  macrophages  are  polarized  towards  a  M2  phenotype  under  the  induction 
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ofIL-13. 


Previous  studies  using  macrophage-depleted  mice  demonstrated  that  macrophages  are 
essential  for  immune  surveillance  against  the  4T1  tumor  (25,  56).  Although  Ml  macrophages  are 
necessary,  their  presence  alone  is  not  sufficient  for  tumor  rejection.  For  example,  IL-4Ra"7'  mice, 
which  have  tumoricidal  Ml  macrophages,  die  from  metastatic  disease,  and  CD  1 -deficient  mice 
are  only  resistant  if  their  primary  tumor  is  removed,  even  though  tumoricidal  Ml  macrophages 
are  present  before  surgery.  In  pre-  and  post-surgery  IL-4Rcc'7'  mice  and  in  pre-surgery  CD1'7‘ 
mice,  MSC  levels  are  elevated,  suggesting  that  Ml  macrophages  are  ineffective  in  the  presence  of 
large  quantities  of  MSC.  In  contrast,  post-surgery  CD1'7'  mice  with  Ml  macrophages  have 
baseline  levels  of  MSC  and  reject  metastatic  disease.  Depletion  of  Ml  macrophages  from  post- 
surgery  CD l  7  mice  makes  them  susceptible  to  tumor.  Therefore,  effective  immune  surveillance 
against  metastatic  tumor  requires  the  production  of  Ml  macrophages  coupled  with  baseline  levels 
of  MSC,  a  condition  that  only  exists  in  post-surgery  CD l'7"  mice. 

Resistance  to  4T1  metastatic  disease  in  CD1'7'  mice  is  reminiscent  of  resistance  to  4T1  in 
STAT6'7'  mice  (13,  25,  31).  In  both  strains,  tumoricidal  Ml  macrophages  are  produced,  MSC 
levels  decrease  drastically  after  surgery,  and  lymphocytes  are  required.  It  is  likely  that  IL-13 
plays  the  same  role  in  both  strains  since  IL-13  signaling  through  the  IL4Ra  is  via  the  STAT6- 
JAK3  pathway  (57).  Although  IL-13  plays  an  important  role  in  blocking  the  production  of  Ml 
macrophages,  it  is  not  involved  in  accumulation  of  MSC  or  maintaining  elevated  MSC  levels, 
since  non-surgery  CD1~7  or  IL-4Ra'7'and  post-surgery  IL-4Ra'7'  mice  have  high  levels  of  MSC. 
Therefore,  in  addition  to  their  effect  on  the  IL-13/IL4Ra  pathway,  CD1-  and  STAT6-deficiencies 
also  impact  another  pathway  that  regulates  MSC  cell  retention. 
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MSC  are  present  in  many  patients  and  experimental  animals  with  cancer,  and  they  are 
uniformly  immunosuppressive  (19-23).  Although  MSC  from  different  individuals  share  the 
ability  to  suppress,  they  appear  to  be  a  heterogeneous  population  of  cells  which  mediate 
suppression  via  a  variety  of  mechanisms.  Down-regulation  of  the  CD3-associated  C  chain  and  the 
resulting  dysfunction  of  T  cells  is  a  common  phenomenon  in  many  patients  and  experimental 
mice  with  cancer  (reviewed  by  (58).  Ochoa  and  colleagues  have  demonstrated  that  such  a  down- 
regulation  is  mediated  by  macrophages  (39,  59).  Our  findings  support  this  mechanism  for  the 
suppression  of  CD4+  T  cells  by  MSC.  However,  CD8+  T  cells  are  not  down-regulated  for  CD3( 
chain  in  the  experiments  presented  here,  suggesting  that  there  are  additional  mechanisms  by 
which  MSC  inhibit  T  cell  activation.  Other  studies  also  support  the  concept  that  MSC  are  a 
functionally  heterogenous  population  of  cells.  For  example,  some  MSC  inhibit  the  activation  of 
CD4+  T  cells  and  not  CD8+  T  cells  (60),  while  others  inhibit  CD8+  T  cells  and  have  no  effects  on 
CD4+  T  cells  (20,  22,  61),  and  others  inhibit  both  CD4+  and  CD8+  T  cells  (25)  (the  current  report). 
The  heterogeneity  of  MSC  is  further  supported  by  the  varied  phenotypes  that  have  been  reported 
for  these  cells.  Although  many  mouse  MSC  are  characterized  by  their  expression  of  the  markers 
Grl  and  CD1  lb,  other  mouse  MSC  express  CD31  and  do  not  express  Grl  and/or  CD1  lb  (19). 
Some  MSC  express  MHC  class  II,  B220,  F4/80,  CD86,  CD  16/32,  and  DEC205  (38),  while  others 
express  MHC  class  I  and  do  not  express  MHC  class  II  or  costimulatory  molecules  (20),  and 
others  express  MHC  I  and  costimulatory  molecules,  but  not  MHC  II  (25).  Differences  also  exist 
in  ROS  production  between  the  different  MSC  populations  studied.  Kusmartsev  et  al.  (41)  have 
demonstrated  that  ROS  production  by  MSC  is  arginase-dependent.  ROS  production  by  the 
B ALB/c  MSC  described  in  this  report  are  arginase-dependent,  whereas  ROS  production  by  CD1'A 
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MSC  are  arginase  independent.  These  phenotypic  differences  probably  characterize  sub¬ 
populations  of  MSC,  and  it  is  possible  that  the  different  sub-populations  have  different  target  cells 
(e.g.  CD4+  vs.  CD8+  T  cells),  thereby  explaining  the  functional  heterogeneity  observed  in  the 
different  tumor  systems. 

Others  have  also  shown  that  CDL7'  mice  have  enhanced  tumor  immune  surveillance  (8,  9, 
14,  62),  supporting  the  concept  that  a  deficiency  in  variant  or  invariant  NKT  cells  facilitates 
tumor  immunity.  Preliminary  data  with  Jod  8-/~  mice,  which  are  deficient  for  invariant  NKT  cells, 
indicates  that  both  variant  and  invariant  NKT  cells  inhibit  tumor  immunity  (Sinha  and  Ostrand- 
Rosenberg.  unpublished  results).  Berzofsky  and  colleagues  also  observe  that  blocking  of  IL-13  or 
interfering  with  signal  transduction  through  the  IL4Ra  is  sufficient  to  cause  rejection  of  the  CT26 
colon  carcinoma  or  block  recurrence  of  the  15-12RM  fibrosarcoma.  In  the  15-12RM 
fibrosarcoma,  they  have  shown  that  IL-13  inhibits  tumor  immunity  by  inducing  MSC  that 
produce  high  levels  of  the  immunosuppressive  cytokine  TGFP  (9).  Three  findings  demonstrate 
that  this  mechanism  is  not  responsible  for  resistance  to  the  4T1  tumor:  i)  4T1 -induced  MSC  do 
not  produce  TGFP  (25);  ii)  IL-4Ra'/_  mice,  which  are  unable  to  respond  to  IL-1 3  because  they 
lack  the  requisite  receptor,  are  susceptible  to  4T1  metastatic  disease;  and  iii)  wild  type  BALB/c 
mice  treated  with  an  inhibitor  of  IL-13  remain  susceptible  (13).  Therefore,  although  we  concur 
with  Berzofsky  and  colleagues  that  IL-13  is  a  potent  inhibitor  of  tumor  immunity,  we  find  that 
suppressing  IL-13  is  not  sufficient  for  generating  effective  immune  surveillance.  We  also  do  not 
concur  with  Berzofsky  and  colleagues  that  IL-13  inhibits  immune  surveillance  by  inducing  MSC 
that  produce  high  levels  of  TGFP,  because  4Tl-derived  MSC  do  not  contain  TGFp  (25).  Our 
data  indicate  that  IL-13  counteracts  immune  surveillance  by  polarizing  macrophages  away  from  a 
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tumoricidal  Ml  phenotype.  Although  these  differences  in  interpretation  of  IL-13  function  may  be 
due  to  differences  in  the  tumor  systems  used,  they  may  also  indicate  that  IL-13  is  a  pleiomorphic 
cytokine  that  blocks  immune  surveillance  via  multiple  mechanisms. 

These  studies  demonstrate  that  immune  surveillance  can  eliminate  metastatic  disease  in  a 
post-surgery  setting.  Although  effective  immunity  is  a  complex  process  that  requires  the 
activation  of  multiple  effector  cells  (macrophages  and  lymphocytes)  coupled  with  the  down- 
regulation  of  suppressive/inhibitory  cells  (MSC),  a  better  understanding  of  these  mechanisms  may 
reveal  strategies  for  facilitating  tumor  immunity  and  extending  survival. 
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FIGURE  CAPTIONS 


Figure  1.  CD1'7'  mice  are  resistant  to  disseminated  metastatic  disease.  CD l'7'  and  BALB/c  mice 
were  inoculated  in  the  mammary  gland  on  day  0  with  7000  4T1  tumor  cells,  and  primary  tumors 
left  in  place  (non-surgery  group)  or  removed  2-3  weeks  later  (post-surgery  group).  (A)  Post¬ 
surgery  mice  were  followed  for  survival.  Numbers  indicate  the  number  of  mice  surviving  >  180 
days  /total  mice.  Data  are  from  one  of  two  independent  experiments.  (B)  Lungs  were  harvested 
and  the  number  of  metastatic  cells  quantified  by  the  clonogenic  assay.  Each  symbol  represents  an 
individual  mouse.  Data  are  pooled  from  two  independent  experiments.  (C)  BALB/c  or  CD1'7' 
splenocytes,  or  4T1  cells  were  stained  with  FITC-conjugated  CD  Id  mAb  (filled  histograms)  or 
isotype  matched  control  mAb  (open  histograms)  and  analyzed  by  flow  cytometry.  Data  are  from 
one  of  two  independent  experiments. 

Figure  2.  Splenic  MSC  levels  return  to  baseline  after  removal  of  primary  tumor  from  CD  l'7' 
mice.  BALB/c  or  CD1"7'  (A  and  B)  or  RAG'7'  (C)  mice  were  inoculated  on  day  0  with  4T1  tumor 
cells  and  primary  tumors  left  in  place  (non-surgery  groups)  or  removed  on  day  ~28  (post-surgery 
groups).  Tumor-free  groups  were  not  given  4T1 .  On  day  ~38  lungs  and  spleens  were  harvested, 
splenocytes  were  labeled  with  Grl-PE  and  CD1  lb-FITC  to  determine  percent  MSC  (A  and  C  ), 
and  the  number  of  metastatic  cells  in  the  lungs  quantified  by  the  clonogenic  assay  (B).  Each 
symbol  represents  an  individual  mouse.  Numbers  in  ( )  indicate  the  number  of  mice  per  group. 
Dotted  lines  indicate  the  maximum  amount  of  MSC  in  tumor-free  mice  (<8%).  Data  are  pooled 
from  two  independent  experiments.  *  and  **  indicates  statistically  significantly  different  values 
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(p<0.05) 


Figure  3.  MSC  inhibit  T  cell  activation  by  an  arginase-dependent  mechanism.  (A)  Syngeneic 
DO  1 1.10  or  clone  4  or  allogeneic  3A9  transgenic  splenocytes  were  stimulated  with  OVA323.339, 
HA5,8.526,  or  HEL  protein,  respectively,  in  the  presence  of  non-surgery  BALB/c  (open  bars)  or 
CD  l*  (filled  bars)  MSC.  (B)  The  experiment  of  part  A  was  repeated  with  or  without  the 
inhibitors  for  iNOS  (L-NMMA)  or  arginase  (nor-NOHA).  MSC  from  2-3  mice  were  pooled  for 
each  group.  Control  J774  cells  gave  no  suppression  (not  shown).  (C)  DOl  1.10  T  cells  were 
stimulated  with  OVA323.339  peptide  and  co-cultured  in  the  same  well  with  CDr/_  MSC,  or  the  MSC 
were  contained  in  a  transwell  chamber  suspended  in  the  well  containing  the  T  cells.  Data  are 
from  one  of  two  independent  experiments. 

Figure  4.  MSC  down-regulate  CD3£  chain  in  CD4+,  but  not  CD8+,  T  cells.  CD4+  DOl  1.10  or 
CD8+  clone  4  transgenic  splenocytes  were  stimulated  with  OVA323.339  or  HA5I8.526  peptide, 
respectively,  in  the  presence  of  non-surgery  BALB/c  or  CD! ''  MSC.  Cultures  were  harvested 
and  cells  stained  with  CD3C-FITC,  KJ1 -26-tricolor,  and  CD4-PE  (CD4+  T  cells)  or  CD3C-FITC, 
VP8-PE,  and  CD8-tricolor  (CD8+  T  cells).  CD3C  expression  was  determined  by  gating  on  double 
positive  cells  (CD4+KJl-26+  or  CD8+VP8+,  respectively).  Dotted  lines  are  unstimulated  T  cells 
(no  peptide);  solid  lines  are  stimulated  T  cells  (with  peptide);  filled  histograms  are  stimulated  T 
cells  with  MSC.  Data  are  from  one  of  two  independent  experiments. 
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Figure  5.  ROS  production  by  BALB/c,  but  not  CDL7',  MSC  is  arginase-dependent.  Purified 
B ALB/c  (A)  and  CDL/_  (B)  MSC  from  tumor-free  and  non-surgery  mice  were  unstained,  or 
incubated  with  DCFDA  in  the  presence  or  absence  of  the  arginase  inhibitor,  nor-NOHA.  Data  are 
from  one  of  two  independent  experiments. 

Figure  6.  CDl'7'  mice  have  tumoricidal  iNOS-producing  Ml  macrophages.  (A)  Peritoneal 
macrophages  from  BALB/c,  CD1"7',  IL-4Ra'/_,  or  STAT6'7'  mice  were  not  activated,  activated  with 
LPS  and  IFNy,  and/or  treated  with  IL-4  or  IL-13  in  the  presence  or  absence  of  the  iNOS  inhibitor, 
L-NMMA  or  its  inactive  enantiomere,  D-NMMA.  NO  was  measured  using  the  Griess  reagent. 

(B)  Peritoneal  macrophages  were  prepared  as  in  6A,  and  cell  lysates  western  blotted  with  mAb  to 
arginase.  Lane  1 :  not-activated;  lane  2:  activated  with  LPS  and  IFNy;  lane  3:  pre-treated  with  IL- 
4  before  activation  with  LPS  and  IFNy;  lane  4:  pre-treated  with  IL-13  before  activation  with  LPS 
and  IFNy;  lane  5:  pre-treated  with  IL-4,  not  activated;  lane  6:  pre-treated  with  IL-13,  not 
activated.  (C)  LPS  and  IFNy  activated  BALB/c,  CDl'7',  or  IL-4Ra'/_  peritoneal  macrophages 
were  co-cultured  with  4T1  cells  in  the  presence  or  absence  of  the  iNOS  inhibitor  L-NMMA,  and 
percent  cytotoxicity  measured  by  LDH  release.  Activated  CDl'/\  or  IL^Ra'7'  macrophages  are 
significantly  more  cytotoxic  than  BALB/c  macrophages  (p  <  0.05). 

Figure  7.  IL-4Ra'/_  mice  are  not  resistant  to  4T1  metastatic  disease  and  retain  elevated  levels  of 
MSC  after  surgery.  IL-4Ra"/_  and  BALB/c  mice  were  inoculated  in  the  mammary  gland  on  day  0 
with  7000  4T1  tumor  cells,  and  primary  tumors  left  in  place  (non-surgery  groups)  or  removed  on 
day  ~28  (post-surgery  groups).  Tumor-free  mice  were  not  given  4T1 .  (A)  Lungs  and  spleens 
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were  harvested  on  day  ~38  and  splenocytes  were  labeled  with  Grl-PE  and  CD1  lb-FITC  to 
determine  percent  MSC.  (B)  The  number  of  metastatic  cells  in  the  lungs  was  quantified  by  the 
clonogenic  assay.  Data  for  (A)  and  (B)  are  pooled  from  two  independent  experiments  and  include 
6  mice/group.  Dotted  lines  indicate  the  maximum  amount  of  MSC  in  tumor-free  mice  (<8%). 
Each  symbol  represents  an  individual  mouse. 
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